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ABSTRACT
Regulation of chromatin by epigenetic modifications is a fundamental step
during the control of gene expression in eukaryotic cells. The participation
of different factors including histone chaperones, chromatin remodeling
complexes and histone-modifying complexes regulate chromatin dynamics
and ensure the correct metabolism of transcripts that need to be exported
to the cytoplasm. In these lines, post-translational modifications including
monoubiquitination of histone H2B (H2Bub1) and methylation of histone
H3 represent a well-studied histone cross-talk which is required for
chromatin integrity and transcription. Additionally, the transition from
H2Bub1 to its deubiquitinated form by Ubp8, the DUB enzyme from SAGA
(Spt-Ada-Gcn5-acetyltranferase) co-activator complex, is fundamental to
obtain a correct gene expression. In this work, we demonstrate that the
histone chaperone Asf1 and the Ran-binding protein Mog1, participate in
maintaining correct levels of H2Bub1. We show that Mog1 is required for
the trimethylation of histone H3 at lysine 4 (H3K4me3), hence, acting as a
modulator of histone cross-talk. Mog1 role into gene expression is also
demonstrated by its physical and genetically interaction with transcription
factors including SAGA and COMPASS complexes. Indeed, we demonstrate
that Mog1 interacts genetically with TREX-2 subunits and affects mRNA
export. During this work, we have also focused in understanding the
molecular mechanisms surrounding Spinocerebellar Ataxia Type 7 (SCA7)
which is a rare disease caused by amino acid glutamine (Q) repeats within
the DUBm component, ATXN7. Therefore, our interest has been directed
towards the study of new mechanisms that trigger SCA7 such as the DUB
activity from SAGA complex, protein-protein interaction networks and
metabolic profiles.

RESUMEN
La regulación de la cromatina a través de modificaciones epigenéticas es
un paso fundamental durante el control de la expresión génica en células
eucariotas. La participación de diferentes factores tales como chaperonas
de histonas, complejos de remodelación de la cromatina y complejos
modificadores de histonas, regulan la dinámica de la cromatina y
garantizan el correcto metabolismo de los transcritos que necesitan ser
exportados al citoplasma. De esta forma, las modificaciones
postraduccionales que incluyen la monoubicuitinación de la histona H2B
(H2Bub1) y la metilación de la histona H3 representan un “cross-talk” de
histonas la cual es requerida para la integridad de la cromatina y la
transcripción. Además, la transición de H2Bub1 a su forma desubicuitinada
por Ubp8, la enzima DUB del complejo co-activador SAGA (Spt-Ada-Gcn5acetiltranferasa), es necesaria para obtener una expresión génica correcta.
En este trabajo, se demuestra que la chaperona de histona Asf1 y la
proteína de unión a Ran, Mog1, participan en el mantenimiento de los
niveles de H2Bub1. Se demuestra que Mog1 es necesaria para la
trimetilación de la histona H3 en la lisina 4 (H3K4me3), actuando como un
modulador del “cross-talk” de histonas. El papel de Mog1 en la expresión
génica también se demuestra por sus interacciones físicas y genéticas con
factores de transcripción, incluyendo los complejos SAGA y COMPASS.
Además, demostramos que Mog1 interactúa genéticamente con
subunidades de TREX-2 y afecta a la exportación de mRNAs. Durante este
trabajo, también nos hemos centrado en la comprensión de los
mecanismos moleculares que envuelven a la Ataxia Espinocerebelosa Tipo
7 (SCA7), que es una enfermedad rara causada por una repetición de
aminoácidos glutamina (Q) dentro del componente del DUBm, ATXN7. Por
lo tanto, nuestro interés se ha dirigido hacia el estudio de nuevos
mecanismos que desencadenan SCA7, como la actividad DUB del complejo
SAGA, las interacciones proteína-proteína y los perfiles metabólicos.

RESUM
La regulació de la cromatina a través de modificacions epigenètiques és
un pas fonamental durant el control de l'expressió gènica en cèl·lules
eucariotes. La participació de diferents factors tals com chaperones
d'histones, complexos de remodelació de la cromatina i complexos
modificadors d'histones, regulen la dinàmica de la cromatina i garanteixen
el correcte metabolisme dels transcrits que necessiten ser exportats al
citoplasma. D'aquesta forma, les modificacions postraduccionals que
inclouen la monoubicuitinació de la histona H2B (H2Bub 1) i la metilació de
la histona H3 representen un “cross-talk” d'histones la qual és requerida
per a la integritat de la cromatina i la transcripció. A més, la transició
d'H2Bub1 a la seua forma desubicuitinada per Ubp8, l'enzim DUB del
complex co-activador SAGA (Spt-Ada-Gcn5-acetiltranferasa), és necessària
per a obtenir una expressió gènica correcta. En aquest treball, es demostra
que la chaperona de histona Asf1 i la proteïna d'unió a Ran, Mog1,
participen en el manteniment dels nivells d'H2Bub1. Es demostra que
Mog1 és necessària per a la trimetilació de la histona H3 en la lisina 4
(H3K4me3), actuant com un modulador del “cross-talk” d'histones. El
paper de Mog1 en l'expressió gènica també es demostra per les seues
interaccions físiques i genètiques amb factors de transcripció, incloent els
complexos SAGA i COMPASS. A més, vam demostrar que Mog1 interactua
genèticament amb subunitats de TREX-2 i afecta a l'exportació de mRNA.
Durant aquest treball, també ens hem centrat en la comprensió dels
mecanismes moleculars que envolten a l'Atàxia Espinocerebelosa Tipus 7
(SCA7), que és una malaltia rara causada per una repetició d'aminoàcids
glutamina (Q) dins del component del DUBm, ATXN7. Per tant, el nostre
interès s'ha dirigit cap a l'estudi de nous mecanismes que desencadenen
SCA7, com l'activitat DUB del complex SAGA, les interacciones proteïnaproteïna i els perfils metabòlics.
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Introduction

Saccharomyces cerevisiae as a model organism
The majority of the experiments in this thesis have been conducted using
the fungus Saccharomyces cerevisiae (S. cerevisiae) as a model organism.
Yeast S. cerevisiae is a single-celled eukaryote with a 5 µm diameter and a
replication time of 80-90 minutes under optimal laboratory conditions. It is
considered as an ideal organism in the laboratory mostly due to its
simplicity and easy growth requirements. Moreover, the ease of its genetic
manipulation represents an excellent tool for researchers as different
molecular strategies can be performed on it such as polymerase chain
reaction (PCR) due to its efficiency of homologous recombination, cloning
and transformation which offers scientists flexibility and advantages for
experimentation (Duina et al., 2014).
During the last decades yeast has gained popularity at the scientific
community. Back in the 1930´s, researchers started to use yeast as an
experimental organism (reviewed in Mortimer, 2000; Mortimer and
Johnston, 1986) and two decades ago, it became the first eukaryotic
organism with its entire sequenced genome (Dujon, 1996; Goffeau et al.,
1996). This fact represented a useful reference for higher organisms. Thus,
the availability of powerful genetic and biochemical tools allows scientists
to use yeast S. cerevisiae as a model organism permitting the
understanding of equivalent processes in complex organisms.
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Genome organization in S. cerevisiae
The genetic information contained within the cell is located in the nucleus
and separated from the cytoplasm by the nuclear membrane. The nuclear
pore complex (NPC) allows the interconnection between the cytoplasm
and the nucleus. The organization of the genome in the nucleus is
essential for regulation of gene expression. An example of nuclear
organization is the differentiation between condensed and generally
inactive heterochromatin and decondensed, transcriptionally active
euchromatin (Elgin and Grewal, 2003; Grewal and Moazed, 2003). Several
studies have postulated that chromosomes are compartmentalized into
distinct positions in the nucleus known as chromosomal territories, thus
having an impact in specific nuclear functions such as transcription and
splicing (Cremer and Cremer, 2001). Chromosomes are arranged in a nonrandom manner within the nuclear space and are mostly localized at the
center of the nucleus and relative to each other (Misteli, 2004). Moreover,
several studies have demonstrated that although these chromosomes are
organized into territories, chromosomes are dynamic structures and
individual chromosomal regions can be repositioned, thus playing an
important role in the regulation of gene expression (Gasser, 2002; Lanctôt
et al., 2007).
The organization of the genome inside the nucleus defines its
transcriptional activity. For instance,

its organization in chromosomal

territories originates interchromosomal spaces related with higher
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transcriptional activity (Lanctôt et al., 2007; Meaburn and Misteli, 2007),
while heterochromatin regions such as telomeres and silenced domains
seem to move away from such spaces by anchoring them to the nuclear
periphery (Capelson and Corces, 2004; Taddei et al., 2004, 2009).
However, some genes such as GAL1, INO1 and HSP104 seem to be
relocated at the nuclear envelope (NE) upon transcriptional activation
(Cabal et al., 2006; Casolari et al., 2004).
Overall, genome organization in the nucleus might be considered as a
hallmark for gene regulation and for other biological processes including
cellular division and chromatin silencing.

Chromatin organization
Haploid cells of S. cerevisiae contains 12.000 Kb of genomic DNA and
approximately 6200 genes which are subdivided into 16 chromosomes
ranging in size between 250 kb and >2500 kb. The density of proteinencoding genes is quite high, approximately one gene every 2 Kb (50-fold
higher than in the human genome). This is partly due to its low number of
introns which represents approximately 4% of all genes (Goffeau et al.,
1996; Spingola et al., 1999). In order to store vast amounts of genetic
information within the cell nucleus, the DNA adopts a packaged state
known as chromatin.
Chromatin is a dynamic structure that controls the access of factors that
regulate the state of the genome. The basic structural unit of chromatin is
the nucleosome (Kornberg, 1974). It consists of a histone octamer formed
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by one H3/H4 tetramer and two H2A/H2B dimers around which 146 basepairs (bp) of DNA are wrapped (Luger et al., 1997). Each nucleosome is
separated by 10-60 bp of “linker” DNA. The incorporation of histone linker
H1 promotes the stabilization of nucleosomes and wraps 20 bp of DNA
resulting in the two full turns around the octamer (Figure 1).

Figure 1. The basic unit of chromatin: the nucleosome. Nucleosome is the basic repeating structural
and functional unit of chromatin which is composed of eight histone proteins: two of the histones
H2A, H2B, H3 and H4 form a histone octamer which wraps around 146 base pairs. Histone H1
protein wraps an additional 20 base pairs of DNA resulting in the two full turns around the octamer.
Nucleosomes are joined together by the linker DNA.

Each of the core histones contains an amino-terminal (N-terminal) tail
domain of 20-35 residue segment rich in basic amino acids and a carboxylterminal (C-terminal) tail formed by a globular domain with its
characteristic histone fold domain. For instance, histone tails do not
significantly contribute to the structure or stability of chromatin but play
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widespread roles in the folding of nucleosomal arrays into higher order
structures (Hansen, 2002; Peterson and Laniel, 2004).
Histone exchange is initially facilitated by the disruption of histone-DNA
contacts. Different factors are implicated in the process of histone
exchange by diminishing the interaction among histone octamer-DNA and
histone-histone interactions by different mechanisms including DNA
methylation, non-coding RNAs (ncRNAs) post-translational modifications
(PTMs) on histones, ATP-dependent chromatin remodellers or by changing
nucleosomal composition carried by histone chaperones (HC).
Several biological processes are linked to chromatin configuration such as
chromosome stability, gene expression and segregation. Regulatory
factors access to chromatin during DNA replication, transcription and DNA
repair leading to changes in chromatin status. For instance, the
coordination and organization of the different events along chromatin is
essential in order to maintain a correct spatial and temporal epigenetic
code (Ehrenhofer-Murray, 2004). Thereby, the interconnection of
chromatin-changing functions generates an epigenetic regulatory circuit
that is still a subject of debate (Bönisch et al., 2008; Lawrence et al., 2016).
In the next sections, some PTMs and HC will be further described due to
their connection to this thesis.
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Post-translational modifications
Chromatin can be regulated by histone modifications playing an important
role in transcription regulation. One of the first evidence supporting the
role of histones in chromatin modification came from the work by Allfrey
and colleagues where they postulated that changes in histones, nowadays
known as post-translational modifications, had an effect on nuclear RNA
metabolism permitting the inhibition and reactivation of RNA production
along the chromosomes (Allfrey and Mirsky, 1964). High-resolution X-ray
crystallography studies had lately revealed the structure of the
nucleosome gaining insight into histone modifications and their effect on
chromatin structure (Luger et al., 1997). Histones are highly basic proteins,
positively charged, with high affinity for DNA that is negatively charged.
The N-terminal tail of histones, as well as some positions in the C-terminal
tail, can carry post-translational modifications including acetylation (Ac),
phosphorylation (P), methylation (Me), ubiquitination (Ub), sumoylation
(S) and ADP ribosylation (Figure 2).
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Figure 2. Overview of different classes of post-translational modification of the core histones. The
colored shapes represent the histone tail modification at different residues. P: phosphorylation;
Me: methylation; Ac: acetylation ; Ub: ubiquitination.; S: sumoylation. Information of this figure
came from (Rando and Winston, 2012) and (Bhaumik et al., 2007).

These PTMs can be located within the upstream region, the core promoter
and the 5´and 3´ends of the open reading frame (ORF). Depending on the
type of histone modification it can have different effects on transcription.
On the one hand, several modifications are associated with active
transcription including acetylation of histone H3 and H4 or di- or
trimethylation of H3K4 (H3K4me2, H3K4me3) which are known as
euchromatin modifications. On the other hand, marks such as H3K9me
and H3K27me, referred to as heterochromatin modifications are mainly
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located at inactive genes and are attributed to transcription repression (Li
et al., 2007). These marks can affect several biological processes without
altering the DNA sequence and are known as epigenetic changes
(Venkatesh and Workman, 2015). Processes such as DNA repair, cell cycle
progression, transcription and replication are regulated by PTMs. Indeed,
most PTMs are reversible since different enzymes are able to add or
remove these epigenetic marks (Ehrenhofer-Murray, 2004; Henry et al.,
2003; Kouzarides, 2007). In this section, PTMs with higher impact on
transcription activity will be further analysed.
Histone Acetylation
Histone

acetylation

is

catalysed

by

enzymes

named

histone

acetyltranferases (HATs) that transfer the acetyl moiety from acetylcoenzime A to the ε-amine of specific lysines. This epigenetic mark
neutralizes the positive charge of lysines found in all four core histones
H2B, H2A, H3 and H4 altering histone-DNA interaction and leading to open
chromatin architecture (Bhaumik et al., 2007). HATs are related to
decompaction of chromatin, promoting the accessibility of transcription
factors (Shogren-Knaak et al., 2006; Sterner and Berger, 2000). Some
studies have demonstrated that activating transcription factors recruit
HATs to specific promoters (Brown et al., 2000), linking histone acetylation
with active transcription.
The transcriptional adaptor Gcn5 was identified in yeast as the first
histone acetyltranferase (Brownell et al., 1996) which had previously been
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linked with transcription activation (Georgakopoulos et al., 1995). Later
on, Gcn5 was identified in two protein complexes that contained HAT
activity, the SAGA (Spt-Ada-Gcn5-Acetyltransferase) complex and Ada
complex (Grant et al., 1997). This study revealed that recombinant Gcn5
was only able to acetylate free histones, whereas the SAGA and Ada2
complexes containing Gcn5 could acetylate nucleosomes; indeed, it also
demonstrated that Gcn5 was able to acetylate on histones H3 and H2B.
Other HATs have also been identified in S. cerevisiae including Sas2, Sas3
and Esa1 (Rando and Winston, 2012). Sas2 contributes to the inactivation
of gene expression in telomeres (Kimura et al., 2002). Esa1 acetylates
histone H2A and H4 and belongs to NuA4 complex while Sas3 belongs to
Nua3 complex (Allard et al., 1999; Grant et al., 1997).
Histones deacetylases (HDAC) enzymes are also related to transcription
initiation by removing the acetyl moiety on specific histones. Contrary to
HATs, HDACs enzymes are predominantly attributed to transcription
repression, thus stabilizing the nucleosomes and preventing the entry of
chromatin remodeling complexes. However, in some cases HDACs have
been associated as activators of gene expression (De Nadal et al., 2004).
Histone Methylation
Histone methylation can occur at lysines, arginines or both. Lysines can be
mono- di- or trimethylated, however, arginines in histones proteins can
only be mono- or dimethylated (Shilatifard, 2006). Contrary to histone
acetyltranferases which are able to modify several residues within the
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same or different histones, histone methyltranferases are generally more
specific about their histone targets (Bhaumik et al., 2007). The majority of
histone methylases contain a SET domain which was named after D.
melanogaster Su (var) 3-9, Enhancer of zeste (E(z)), and trithorax (trx)
(Dillon et al., 2005). In S. cerevisiae three methyltranferases named as
Set1, Set2 and Dot1 methlylate histone H3 at lysines 4, 36 and 79,
respectively (Krogan et al., 2003a; Miller et al., 2001; Ng et al., 2002,
2003).
Histone H3K4 methylation is performed by SET1C/COMPASS (complex of
proteins associated with Set1) complex which comprises Set1, Shg1, Sdc1,
Swd1, Swd2, Swd3, Spp1 and Bre2 subunits and it is capable of catalyzing
the mono-, di- and trimethylation of H3K4 (Shilatifard, 2012). The
distribution of H3K4 along the gene depends on the number of methyl
groups; for instance, monomethylation is enriched at the 3´end,
demethylation peaks in the core gene while trimethylation occurs at the
transcription start site and the 5´end of actively transcribed genes
(Pokholok et al., 2005).
On the other hand, Set2 associates with serine 2-phosphorylated RNA Pol
II (the elongating form of RNA Pol II), suggesting that Set2 plays an
important role in transcription elongation (Li et al., 2002; Xiao et al., 2003).
Di- and trimethylation are enriched at the 3´end of active genes, but only
H3K36 trimethylation (H3K36me3) has been correlated with transcription
rates (Krogan et al., 2002; Pokholok et al., 2005; Rao et al., 2005). H3K36
methylation is necessary for the activation of Rpd3 deacetylase complex
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which is required for deacetylation of nucleosomes in coding regions
(Carrozza et al., 2005; Govind et al., 2010).
Finally, Dot1 (disruptor of telomeric silencing) is able to mono-, di-, and
trimethylate H3K79. Dot1 methylates 90 % of histone H3 in the chromatin
and it is required for establishment of telomeric-associated gene silencing
(van Leeuwen et al., 2002; Ng et al., 2002; Shilatifard, 2006). This
epigenetic mark is located at the promoters and ORFs of active genes,
however, its contribution to transcription is not well established (Nguyen
and Zhang, 2011). As in the case of H3K4, H2B ubiquitination is also
required for H3K79 methylation (Vlaming et al., 2014; Wood et al., 2003a),
however, contrary to H3K4 and H3K36, H3K79 methylation levels show
little correlation with transcription levels (Rando and Winston, 2012).
Histone methylation is regulated by enzymes with opposite effects. For
instance, in higher eukaryotes, deamination by the peptidyl arginine
deiminase 4 (PADI4) deaminates arginines residues in the H3 tail (Cuthbert
et al., 2004) while lysine (K)-specific demethylase 1A (LSD1) acts as a
histone demethylase and transcriptional corepressor since demethylates
histone H3 at lysine 4, a mark linked to active transcription (Shi et al.,
2004). In yeast, Kdm5 demethylates di- and trimethylated H3K4 (Liang et
al., 2007).
Histone Ubiquitination and histone “cross-talk”
Ubiquitination of histones involves the addition of 76-amino acid moiety
on the C-terminal helix of histone H2B. Proteins can be polyubiquitinated
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or monoubiquitinated. Polyubiquitination of histones regulate different
cellular processes including protein degradation, DNA damage tolerance
and

apoptosis

(Yang

et

al.,

2014).

On

the

contrary,

lysine

monoubiquitination is linked to the regulation of protein activity. A well
characterized mechanism underlying the addition of ubiquitin is the
monoubiquitination of histone H2B on lysine 123 in yeast (K123) or lysine
120 in mammals (K120) and on histone H2A, a PTM that is not detected in
S. cerevisiae (Osley, 2006). Histone H2B monoubiquitination is implicated
in a variety of biological processes such as cellular growth, transcription
initiation and elongation and gene silencing (Pavri et al., 2006).
In S. cerevisiae, Rad6 catalyses the monoubiquitination of H2B (H2Bub1) in
conjunction with the E3 ubiquitin ligase Bre1 (Wood et al., 2003b).
Furthermore, these two proteins act in association with Lge1 which is also
required for H2Bub1 (Hwang et al., 2003; Song and Ahn, 2010).
H2Bub1 is related to active transcription since Rad6 and Bre1 associate to
promoters by the interaction with activators and with RNA Pol II (Weake
and Workman, 2008). Therefore, H2B is ubiquitinated co-transcriptionally
and its levels correlate with RNA Pol II elongation rates (Fuchs et al., 2014).
H2Bub1 requires the presence of PAF complex which comprises Paf1, Rtf1,
Ctr9, Leo1, and Cdc73 subunits and has also been associated with initiating
and elongating forms of RNA Pol II. In addition, PAF complex affects H3K4
and H3K79 methylation through its effect on H2B ubiquitination
(Shilatifard, 2006; Wood et al., 2003a; Xiao et al., 2005). Recent research
has hypothesized that Rtf1 subunit of PAF complex acts as a cofactor in
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H2Bub1 by promoting the ability of Bre1 to direct Rad6 to lysines on H2B or
by stimulating Rad6 catalytic activity in the presence of Bre1 (Van Oss et
al., 2016).
Importantly, some researchers have shown that monoubiquitination of
H2BK123 promotes nucleosome assembly across yeast genome (Fleming
et al., 2008). For instance, mutations in RAD6 and LGE1 genes lead to
lower levels of nucleosomes genome-wide (Batta et al., 2011).
Some other studies have proved that H2Bub1 cooperates with FACT to
regulate transcription elongation (Pavri et al., 2006). Additionally, the
Bur1/Bur2 cyclin-dependent proteinase kinase complex (Bur complex) is
also required for H2Bub1 since deletion of these components reduce
H2Bub1 levels (Wood et al., 2005).
As previously mentioned, H2Bub1 mediated by Rad6/Bre1/Lge1 complex is
a prerequisite for H3K4 and H3K79 methylation in yeast and higher
eukaryotes, this fact is a clear example of histone cross-talk (Osley, 2006;
Shilatifard, 2006, 2012) (Figure 3). Mutations affecting H2Bub1 reduce
H3K4 and H3K79 methylation levels, although mutation of the H3
methylation lysines does not show an effect on H2Bub 1, suggesting that
this histone cross-talk appears to function unidirectionally (Sun and Allis,
2002).
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Figure 3. Schematic representation of histone cross-talk. Rad6/Bre1/Lge1 monoubiquitinate histone
1
H2B on lysine 123 which requires interactions with the PAF and the BUR complexes. H2Bub signal
for the activation of histone H3 methylation on Lys 79 and Lys 4 by Dot1 and COMPASS,
1
respectively. H2Bub promotes the association of Swd2 with chromatin which in turn facilitates the
2
3
interaction between COMPASS and Swd2, resulting in H3K4me and H3K4me by Set1. The removal
of the ubiquitin moiety is conducted by deubiquitination enzymes such as Ubp8 and Ubp10.

Moreover, H2Bub1 specifically affects to di-and trimethylation of H3K4 and
H3K79 while it is dispensable for monomethylation of H3 (Dehé et al.,
2005; Shahbazian et al., 2005a). Another research observed that H2Bub1
stabilizes the methyltransferase COMPASS complex promoting the
recruitment to chromatin of Cps35/Swd2 COMPASS subunit, essential for
methyltransferase activity in vivo (Lee et al., 2007). In addition, VitalianoPrunier et al., demonstrated that monoubiquitination of H2B by
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Rad6/Bre1 promotes ubiquitination of Swd2 resulting in the control of
Spp1 recruitment, a COMPASS subunit necessary for trimethylation of
H3K4 (Vitaliano-Prunier et al., 2008). Overall, these studies suggest that
Swd2 is a key factor for histone cross-talk.
Both the addition and the removal of the ubiquitin moiety are required for
optimal transcription. H2B is deubiquitinated by two ubiquitin-specific
proteases in S. cerevisiae; Ubp8 and Ubp10. Ubp8 is a member of the
SAGA complex and it is able to remove ubiquitin both in vivo and in vitro
(Daniel et al., 2004; Henry et al., 2003). SAGA integrity is required for a
correct Ubp8 deubiquitinase activity, as deletion of SAGA components
such as Spt20 increases H2Bub1 levels (Daniel et al., 2004; Henry et al.,
2003; Ingvarsdottir et al., 2005; Lee et al., 2005). Furthermore, the correct
assembly of the DUBm is also necessary for H2Bub1 deubiquitination
(Köhler et al., 2010; Samara et al., 2010). Another mechanism that relates
Ubp8 to transcription elongation is the fact that Ubp8 is required for Ctk1
recruitment resulting in phosphorylation of the RNA Pol II C-terminal
domain (CTD), and for Set2 recruitment to the 5´end of the ORF (Wyce et
al., 2007).
Ubp10 also acts on H2Bub1 deubiquitination but acts on different pools of
H2Bub1 on the cell, as deletion of both Ubp8 and Ubp10 leads to increased
levels of H2Bub1 more than either of single deletions. Contrary to Ubp8
which is related to active transcription, Ubp10 function is associated to
silenced regions (Gardner et al., 2005).
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Histones Chaperones
Histone chaperones (HC) are proteins that act directly on nucleosomes as
they are able to control the removal and replacement of histones from
promoters and transcribed regions, thus, HC participate in the assembly
and disassembly of nucleosomes (Avvakumov et al., 2011; Das et al.,
2010). The interaction between chaperones and histones is not limited, in
fact, a given histone can be bound by different chaperones (Mattiroli et al.,
2015). HC can be classified depending on the histone substrate to which
they bind, the majority of chaperones bind to H2A-H2B or H3-H4
oligomers, however, some chaperones can bind through its different
domains to both hetero-oligomers (Venkatesh and Workman, 2015).
Cycles of nucleosome assembly and disassembly coordinate different
cellular events such as DNA repair, transcription and replication. Once
histones are synthesized in the cytoplasm and shuttle into the nucleus
they associate with chaperones that assist their assembly and disassembly.
The interaction among H3/H4 complex with Asf1 chaperone is of particular
interest in terms of nucleosome assembly and disassembly (Mousson et
al., 2007). Histone chaperone anti-silencing function 1 (Asf1) was
identified as a gene whose overexpression inhibits the silencing of
chromatin in S. cerevisiae (Le et al., 1997) and it is conserved across
eukaryotic species as a H3/H4 chaperone (Munakata et al., 2000). Deletion
of ASF1 in S. cerevisiae leads to defects in DNA repair and replication,
histone modification and transcription (Adkins et al., 2004; Ramey et al.,
2004; Recht et al., 2006; Sutton et al., 2001a). Asf1 has been suggested to
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function as a mediator of active transcription since it has been associated
with promoters and coding regions of actively transcribed genes, hence, it
functions as an elongation factor capable of dissemble and reassemble
histones during transcription elongation (Schwabish and Struhl, 2006).
Indeed, Asf1 facilitates H3 eviction and deposition during RNA Pol II
elongation during transcription activation.
In line with this, Asf1 plays a range of functions in chromatin metabolism;
first, it stimulates the activity of acetyltransferases in charge of modifying
H3 at lysine 9 and 56. Studies have shown that overexpression of Asf1
promotes the acetylation of lysine 9 and Gcn5- dependent acetylation
activity on lysine 56 of newly synthesized histone H3 (Adkins et al., 2007).
In addition, later studies showed that the interaction among creb-binding
domain (CBP) and Asf1 is necessary for Asf1 to promote acetylation of
H3K56 by CBP (Das et al., 2014). Secondly, Asf1 functions in coordination
with the DNA damage checkpoint control Rad53 since both proteins
interact physically and functionally and coexist in the same complex.
However, in response to DNA damage Asf1 is dissociated from Rad53
suggesting that Asf1 functions as an effector of Rad53-dependent repair
and recovery from DNA damage and block DNA replication (Emili et al.,
2001; Hu et al., 2001). Furthermore, Asf1 also associates with Rtt109, a
histone acetyltranferase for H3K56. Cells lacking ASF1 exhibit absence of
H3K56, proposing that Asf1 contribute to the maintenance of H3K56 thus
playing a role in transcription control (Recht et al., 2006; Schneider et al.,
2006).

47

Introduction

The regulation of gene expression by RNA Pol II
in S. cerevisiae
Transcription initiation
The synthesis of RNA from a DNA template requires the control of
numerous steps. Transcription initiation is mediated by RNA Pol II and it
requires the assembly and coordination of the transcription preinitiation
complex (PIC) into the core promoter which is formed by the general
transcription factors (GTFs) which includes TFIIA, TFIIB, TFIID (and or
SAGA), TFIIE, TFIIF and TFIIH (Shandilya and Roberts, 2012) (Figure 4).

Figure 4. Schematic representation of PIC assembly and transcription initiation. Transcription
initiation starts upon interaction of one or more activators to the upstream-activation sequence
(UAS) which recruits various co-activators such as SAGA complex and chromatin-remodeling
complexes (Swi/Snf) facilitating the binding of GTFs. TATA sequence is recognized by TATA binding
protein (TBP) and TBP-associated factors (TAFs) which bind to the promoter DNA, subsequently,
TBP alters the TATA sequence facilitating the assemble of other GTFs. Together, co-activators and
nucleosome remodelers facilitate the recruitment of RNA Pol II and the GTFs to form the PIC on the
promoter thus promoting transcription initiation.
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Transcription factors recognize the promoter sequence in response to
regulatory factors which leads to conformational changes on RNA Pol II
required for transcription initiation. Once activators bind to the upstreamactivation sequence (UAS), several co-activator complexes such as
chromatin-remodeling complexes, histone-modification enzymes and
mediator are recruited into the core promoter which makes nucleosomal
DNA elements more accessible to GTFs. Additionally, promoter elements
serve as binding sites for subunits of the transcription machinery to direct
transcription. These elements include the TATA-box (TBP binding site), Inr
(initiator element), DPE (downstream promoter element) and BRE (TFIIB
recognition element) (Hahn, 2004). DNA elements at the core promoter
can extend 35 bp upstream and/or downstream of the transcription start
site (TSS) (Smale and Kadonaga, 2003; Thomas and Chiang, 2006). Genes
can be classified depending on the presence of a TATA box (TATAcontaining) or absence (TATA-less) promoters. The TATA box has a
consensus sequence and is located around 30-120 bp upstream of the TSS
in S. cerevisiae. TATA sequence is recognized by TATA binding protein
(TBP) and TBP-associated factors (TAFs) which bind to the promoter DNA.
Following this binding, TBP alters the TATA sequence facilitating the
assemble of other GTFs (Shandilya and Roberts, 2012). TBP recruitment
can be stimulated by activators which act during transcription activation,
hence transcriptional activity has been correlated with the degree of TBP
occupancy (Kuras and Struhl, 1999).
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Two major pathways of transciption activation are found in yeast including
the TFIID transcription factor and SAGA complex (Grant et al., 1997;
Mizzen et al., 1996). TFIID regulates 90 % of the yeast genes which
correspond to housekeeping genes. On the contrary, SAGA regulates the
remaining 10 % of the genes which mainly correspond to stress genes
which contain promoters characterized by having a TATA box, while those
genes regulated by TFIID present promoters with similar sequences known
as TATA-like (Huisinga and Pugh, 2004).
As seen in previous sections, there exists a wide range of factors capable
of altering chromatin structure at the core promoter, hence contributing
to transcription regulation. Some of these elements involve the
participation of HC, PTMs and chromatin-remodeling factors. According to
this, changes in transcription are correlated with changes in chromatin
structure. Several chromatin-remodeling factors have been described to
influence on chromatin dynamics. These factors use the energy of ATP
hydrolysis to change the structure of nucleosomes by disrupting histoneDNA interactions (Clapier and Cairns, 2009; Rando and Winston, 2012).
Some of the yeast chromatin-remodeling factors include the SWI/SNF
(Switch sucrose non fermentable) and RSC (remodeling the structure of
chromatin) and the ISW (imitation switch) family (ISW1 and ISW2) which
are all implicated in nucleosome remodeling. For instance, SWI/SNF
remodeler slides and ejects nucleosomes at diverse loci but lacks a role in
chromatin assemble. Moreover, the ISW family optimize nucleosome
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spacing promoting chromatin assembly and are implicated in both
transcription activation and repression (Clapier and Cairns, 2009).
An active transcription starts after conformational changes at the TSS
occur and the template strand of the promoter is positioned within the
active side of RNA Pol II. Then, transcription initiation begins with the
synthesis of the first phosphodiester bond of RNA. After the synthesis of
about 30 bases of RNA, RNA Pol II is released from the core promoter
together with the transcription factors to enter into the elongation stage.
The carboxyl-terminal domain (CTD) of the largest subunit of RNA Pol II,
Rpb1, plays a critical role in transcription regulation since it is dynamically
modified by PTMs hence facilitating or impeding recruitment of regulator
factors of RNA Pol II. During transcription initiation CTD remains
unmodified when recruited to promoter regions; however, the transition
from initiation to elongation is partly regulated by phosphorylation of this
domain. Cyclin-dependent kinase 28 (Kin28) from TFIIH phosphorylates
Ser5 from CTD facilitating the escape of RNA Pol II from promoter.
Furthermore, DNA helicase Rad25 remodels the PIC and promotes the
dissociation of 11-15 bases of DNA at the TSS facilitating the introduction
of a single-stranded DNA template into the active site of RNA Pol II and
hence, promoting the transition from initiation into an early transcription
elongation (Saunders et al., 2006; Weake and Workman, 2010). Therefore,
changes in the CTD phosphorylation state of RNA Pol II are coupled with
transcription stage (Harlen and Churchman, 2017).
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SAGA co-activator complex as a modulator of transcription regulation
SAGA (Spt-Ada-Gcn5-Acetyltransferase) is a well-characterized co-activator
complex that is conserved from yeast to humans. SAGA from S. cerevisiae
is a 1.8 MDa protein complex that is composed of at least 20 subunits
which are organized into 4 modules; HATm (Histone acetyltranferase),
DUBm (Histone deubiquitination), SPTm (Suppressor of Ty) and TAFm
(TBP-associated factor) (Figure 5) (Baker and Grant, 2007; Lee et al., 2011;
Rodríguez-Navarro, 2009; Weake and Workman, 2008).

Figure 5. Schematic representation of the localization SAGA´s subunits. SAGA contains 4 distinct
modules which are represented in blue (SPTm); red (TAFm); purple (DUBm) and green (HATm). The
area of the circle represents the relative molecular weight of SAGA´s subunits. Lines represent the
probable physical interaction between subunits. This figure is adapted by the work from different
groups (Han et al., 2014; Setiaputra et al., 2015; Weake and Workman, 2012).
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The HATm has histone H3 K9/14 HAT activity and consists of Gcn5, Ada2,
Sgf29 and Ada3 (Grant et al., 1997). The DUBm is composed of Sgf73,
Ubp8, Sus1 and Sgf11 and posseses H2B lysine 123 (K123) deubiquitination
activity (Ingvarsdottir et al., 2005; Köhler et al., 2006; Lee et al., 2005,
2009; Pascual-García et al., 2008; Rodríguez-Navarro et al., 2004). Several
TAFs including Taf5, Taf6, Taf9 Taf10 and Taf12 constitute the TAFm and
are implicated in both regulating SAGA´s HAT activity and interaction with
activators (Durairaj et al., 2014). The SPTm is composed of Tra1, Spt3,
Spt7, Spt8, Ada1 and Spt20 which are involved in transcription regulation
by interacting with activator and PIC and are also involved in recruiting the
HATm (Brown et al., 2001). Null mutations in ADA1, SPT20 and SPT7
disrupt SAGA complex and cause severe phenotypes, these members are
considered as SAGA core components (Sterner and Berger, 2000).
As we have seen, SAGA harbors two enzymatic activities which are tightly
associated with gene expression; histone H3 acetyltransferase by Gcn5
(Grant et al., 1997) and histone H2B deubiquitination (DUB) activity by
Ubp8 (Daniel et al., 2004; Henry et al., 2003). These activities are
necessary for the regulation of histones post-translational modifications of
histones H2B and H3 altering the genome-wide chromatin status. The
diverse activities related to SAGA complex allow this complex to modulate
transcription at many promoters by regulating chromatin modifications by
its enzymatic activities, stimulating PIC assembly and modulating several
steps in early transcription elongation. For instance, Spt3 and Spt8
subunits from SPTm were shown to interact with TBP, modulating TBP
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interaction with certain promoters (Warfield et al., 2004). The SPTm
contacts with activator and PIC and it is implicated in regulating
transcription initiation in addition to maintaining SAGA´s structural
integrity (Durairaj et al., 2014). Tra1 subunit is also part of NuA4 complex
and it has been reported that it interacts with several activators including
Gcn4 and Gal4 (Brown et al., 2001). The TAFm is shared with TFIID
complex and it appears to form a structural core on which SPTm, DUBm
and HATm are assembled (Han et al., 2014).
The coordination of the subunits within each of the four modules is
necessary for its correct function. For example, Gcn5 activity is modulated
by Ada2 and Ada3 subunits (Grant et al., 1997) and it contains a
bromodomain that directly binds to acetylated lysines in histone tails,
indeed, Sgf29 subunit contains a Tudor domain capable of binding
H3K4me2 and H3K4me3 which are marks related to active transcription
(Hassan et al., 2002; Vermeulen et al., 2010). Furthermore, Ubp8 catalytic
subunit from the DUBm becomes active when it forms a complex with
Sgf11, N-terminus of Sgf73 and Sus1 (Köhler et al., 2008; Lang et al., 2011;
Lee et al., 2009). In line with this, the full assembly of SAGA modules is
essential to increase the substrate recognition and specificity of Gcn5 and
enhance Ubp8 catalytic activity on nucleosomes (Bian et al., 2011; Lang et
al., 2011; Samara et al., 2010). In addition, recent research of DUBm
architecture has revealed that the DUB module is positioned close to
Gcn5, which could explain the reported cross-talks between histone H2B
deubiquitination and histone H3 acetylation (Durand et al., 2014).
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SAGA recruitment and histone acetylation occur prior to PIC formation at
the GAL1 promoter (Bhaumik and Green, 2001). Interestingly, in addition
to its role in H2B deubiquitination activity, Sus1 has been shown to
promote PIC formation thus participating in transcription initiation at the
SAGA-regulated genes independently of its H2B DUB function (Durairaj et
al., 2014). Alternatively, SLIK (SAGA-like) complex is related in composition
and substrate specificity to SAGA complex, however it lacks the Spt8
protein and contains a truncated form of Spt7 (Pray-Grant et al., 2002;
Sterner et al., 2002). SLIK function within the cell remains unsolved,
remarkably, it uniquely contains the protein Rtg2 which is linked to the
retrograde response pathway (Pray-Grant et al., 2002).
DUBm function and structure
As previously introduced, the DUBm is composed of 4 proteins which are
conserved from yeast to humans. The DUBm contains yUbp8/hUSP22,
ySus1/hENY2, ySgf73/hATXN7 and ySgf11/hATXN7L3 and is responsible for
the deubiquitination of histone H2B (Atanassov et al., 2016; Galán and
Rodríguez-Navarro, 2012; Helmlinger et al., 2004).
As cited earlier, monoubiquitination of H2B (H2Bub1) at yeast K123 and
human K120 is a transient modification catalysed by Rad6/Bre1/Lge1
complex and a common feature of active transcription (Bonnet et al.,
2014; Robzyk et al., 2000; Song and Ahn, 2010; Wood et al., 2003b). In
addition to its contribution on transcription activation, it is also involved in
transcription elongation, mRNA splicing, DNA replication and repair and
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mRNA export (Fuchs and Oren, 2014; Fuchs et al., 2014). H2B-ub1 is also a
mark for di- and trimethytlation of histone H3 at lysines 4 and 79 which is
associated with transcription elongation (Dover et al., 2002; Kim et al.,
2009; Laribee et al., 2005; Lee et al., 2007; Sun and Allis, 2002; Vlaming et
al., 2014; Wood et al., 2005).
Although the DUB activity is borne by Ubp8 subunit, the correct assemble
of the 4 DUBm proteins is essential for the activation of the enzyme Ubp8
(Ingvarsdottir et al., 2005; Köhler et al., 2008; Lee et al., 2005, 2009).
Several studies have provided insights into the crystal structure of the
DUBm showing that the four components are remarkably intertwined
(Köhler et al., 2010; Morgan et al., 2016; Samara et al., 2010). According to
these studies, the DUBm contains the full Ubp8, Sgf11, Sus1 and an Sgf73
N-terminal fragment extending to either residue 96 (Köhler et al., 2010) or
104 (Samara et al., 2010). Ubp8 contains two globular domains: the
ubiquitin specific protease (USP) or catalytic lobe which contains the Cterminal USP domain and the ZnF-UBP or assembly lobe that contains the
N-terminal Zinc Finger-Ubiquitin Binding Protein (ZnF-UBP) domain. Thus,
the DUBm is organized into two lobes: in the assembly lobe Sgf11 Nterminal helix binds to the Ubp8 ZnF-UBP domain by Sus1 whereas in the
catalytic lobe Sgf11 C-terminal zinc finger domain binds to the Ubp8
catalytic domain. Between the lobes lies Sgf73 which is responsible for the
binding of the two globular domains of Ubp8 allowing the DUBm to act
together as one structurally integrated module. Additionally, deletion of
SGF11 or SUS1 results in the dissociation of Ubp8 from Sgf73 which
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confirms the structural integrity of the DUBm (Ingvarsdottir et al., 2005;
Köhler et al., 2006; Lee et al., 2005) (Figure 6).

Figure 6. Ubp8 catalytic activity requires the assembly of the SAGA DUBm. Free Ubp8 presents a
ZnF-UBP domain (green square) and an inactive catalytic domain (green full circle). Sus1 forms a
complex with Sgf11 by wrapping around its N-terminal helix (hexagon). Full activated Ubp8 (sharp
teeth) requires the correct position of ZnF domains of Sgf11 (blue circle) and Sgf73 (orange circle).
Figure adapted from the work by Köhler and colleagues (Köhler et al., 2010).

Mutations in SGF73 and SGF11 lead to a significant impairment of DUB
activity (Köhler et al., 2006, 2008, 2010; Lee et al., 2009). Deletion of
Sgf11-ZnF results in almost loss of Ubp8 catalytic activity since it
destabilizes the compact folding of the DUBm (Samara et al., 2010, 2012).
Further studies also demonstrated that Sgf73 point mutations affect on
the structure of DUBm disrupting the enzymatic activity of Ubp8 by
impacting Ubp8 ubiquitin-binding fingers region suggesting that Sgf73
contributes to Ubp8 structure and to the stability and folding of the DUBm
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(Yan and Wolberger, 2015). Furthermore, NMR studies have also provided
new contributions to the understanding of DUBm organization into
nucleosomes, arginine residues at the ZnF helix of Sgf11 are key to Sgf11
interaction with nucleosomal DNA and this is important for the optimal
position of the DUBm on the nucleosome particle and DUBm activity
(Koehler et al., 2014). Recent research has proposed that the DUBm
principally contacts H2A/H2B by the basic Sgf11-ZnF domain. In addition,
these researchers also found that the DUBm deubiquitinates from either
intact or disassembled nucleosomes suggesting that it is able to act at
diverse points as RNA Pol II transcribes through chromatin (Morgan et al.,
2016). In addition to the organization of the DUBm components for Ubp8
activation, some studies have reported that DUBm needs to be assembled
into SAGA complex for its correct function. However, some researchers
have suggested that Sgf73 interaction with the proteasomal ATPase Rpt2p
leads to the dissociation of the DUBm from SAGA complex which is
functionally active, raising the possibility that a separated DUBm may
function independently of SAGA complex (Lim et al., 2013). Indeed,
unpublished data from our lab has also demonstrated the existence of an
independent and functional DUBm from SAGA complex upon deletion of
Spt7 subunit (García- Molinero et al., in revision).
Similarly

to

the

yeast

complex,

human

USP22

(hUSP22)

also

deubiquitinates histones H2A and H2B (Zhang et al., 2008a, 2008b; Zhao et
al., 2008). Interactions of hUSP22 with hATXN7, hENY2 and hATXN7L3 are
required for Ubp8 incorporation in the human SAGA complex (STAGA) and
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for hUSP22 activation (Lang et al., 2011). Several research have related
these proteins with human malignancies, for instance, polyglutamine
expansion at the N-terminal region of hATXN7 causes Spinocerebellar
Ataxia type 7 (SCA7) disease (information regarding to SCA7 disease can be
found at the end of this section).
Transcription elongation
Transcription elongation occurs when RNA Pol II releases from GTFs and
enters into the coding region of a given gene, signaling the recruitment of
the elongation machinery including factors involved in mRNA processing,
mRNA export and chromatin function (Li et al., 2007).
The C-terminal domain of Rpb1, RNA Pol II largest subunit, undergoes
dynamic phosphorylation

during transcription

which

affects the

recruitment of mRNA processing and histone modifying complexes such as
PAF, FACT and COMPASS among others (Buratowski, 2009). Two major
phosphorylation events appear to control transcription elongation; Ser5
phosphorylation mediated by the TFIIH-associated kinase 28 (Kin28)
(Buratowski, 2003; Komarnitsky et al., 2000) and Ser2 phosphorylation by
cyclin-dependent kinase Ctk1 (Cho et al., 2001; Komarnitsky et al., 2000).
During transcription elongation, the PAF complex facilitates the binding of
COMPASS, FACT and the ubiquitin ligases Rad6/Bre1/Lge1 to the Ser5phosphorylated

CTD

resulting

in

H2B

monoubiquitination

and

accumulation of H3K4me3 at the 5´-end of the coding gene. In addition,
Ubp8 deubiquitination activity on histone H2B mediates the recruitment
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of kinase Ctk1 which phosphorylates RNA Pol II at Ser2, and subsequently
regulates the recruitment of Set2 methyltransferase (Wyce et al., 2007).
Set2 interacts with Rpb1 which depends on the phosphorylation of CTD at
Ser2 (Krogan et al., 2003a; Xiao et al., 2003). Thus, H3K36me3 mediated by
Set2 is associated with the elongating RNA Pol II and occur during the later
stages of transcription elongation (Krogan et al., 2003a; Shilatifard, 2006)
(Figure 7) .

Figure 7. Schematic model for transcription elongation. PAF facilitates the binding of
FACT, COMPASS and Rad6/Bre1/Lge1 to the Ser5-phosphorylated CTD mediated by Kin28
1
3
which results in H2Bub and subsequent accumulation of H3K4me by COMPASS complex.
The removal of ubiquitin on H2B by the DUB enzyme Ubp8 facilitates the recruitment of
Ctk1 kinase which phosphorylates RNA Pol II at Ser2. Ser2-phosphorylated CTD regulates
3
the recruitment of Set2 methyltransferase promoting H3K36me during later stages of
transcription elongation.
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Methylation of H3K36 recruits the Rpd3 deacetylase complex which
removes the acetyl marks and leaves the nucleosome in a stable state
(Carrozza

et

al.,

2005).

Overall,

subsequent

cycles

of

H2B

ubiquitination/deubiquitination are essential for transcription activation
and for establishing correct histone methylation patterns at the gene
body.
SAGA contribution in transcription elongation is also linked to Sus1 protein
from SAGA DUBm. In our lab we have shown that Sus1 subunit co-purifies
with RNA Pol II and mRNA export factors which are co-transcriptionally
recruited to coding regions (Pascual-García et al., 2008). Additionally, Gcn5
subunit from the HAT complex stimulates modification and eviction of
nucleosomes in transcribed coding regions such as at the GAL1 gene thus
promoting RNA Pol II elongation (Govind et al., 2007).
Coupling transcription to mRNA export
Messenger RNA (mRNA) export depends on the coordination and
participation of several complexes and export factors that modulate the
different steps for the transport of mRNA transcripts from the nucleus to
the cytoplasm towards the nuclear pore complex (NPC). Before mRNA is
exported to the cytoplasm, mRNA transcripts must firstly be processed
which includes the addition of a 5´-cap, splicing out of introns and 3´-end
cleavage and polyadenylation (Kelly and Corbett, 2009). A large subset of
studies have pointed out that transcription is coupled with mRNA export
suggesting that mRNA processing is a dynamic process and intimately
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interconnected with upstream processes (Rodríguez-Navarro and Hurt,
2011). In these lines, mRNAs are exported from the nucleus as messanger
ribonucleoproteins (mRNPs) complexes that start to be assembled during
transcription.
Yeast NPCs are large assemblies of 60 MDa that are located within the
nuclear envelope. NPCs have an eightfold symmetrical core structure
(called the spoke complex) that is inserted between a cytoplasmic and a
nuclear ring. The NPC contains approximately 30 different nuclear pore
proteins (nucleoporins) that exist in 8 to 32 copies in each NPC. The
majority of nucleoporins are located symmetrically on both sides of the
NPC, however, several NPC are located either on the cytoplasmic or
nuclear side of the NPC. For instance, Nup1, Nup2, Nup60 and Mlp1-Mlp2
are found at the nuclear side of the NPC (Beck and Hurt, 2017; Schwartz,
2016).
Fully mature mRNPs complexes are later recognized by the essential
conserved export receptor, the Mex67-Mtr2 heterodimer in S. cerevisiae
(Segref et al., 1997) which mediates the interaction among the mRNPs and
the NPC, in fact, most export factors are recruited cotranscriptionally
suggesting that export factors are recruited to the sites of transcription to
promote correct mRNA export (Lei et al., 2001; MacKellar and Greenleaf,
2011). Mex67 recruitment to mRNA transcripts is enhanced by the
participation of adaptor proteins which are deposited along nascent
transcripts. Transcription and export (TREX) complex participates in this
process, thus determining the efficiency of mRNA export. TREX is
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composed of mRNA export adaptor proteins, Sub2 and Yra1, and
components of the THO complex (Hpr1, Mft1, Thp2 and Tho2) (Abruzzi et
al., 2004; Chávez et al., 2000; Reed and Cheng, 2005; Strässer et al., 2002).
Yra1 is recruited to the transcription machinery and subsequently
transferred to the nascent mRNA, it directly interacts with the TREX
subunit Sub2 which is recruited in the early stages of transcription (Abruzzi
et al., 2004; Strässer and Hurt, 2001). Yra1 was the first RNA-binding
protein characterized which directly binds to Mex67/Mtr2 and bridges the
shuttling Mex67/Mtr2 exporter to the NPC (Sträßer and Hurt, 2000). Sub2
and Mex67 compete for the binding of Yra1 since both proteins bind to
the same domains of Yra1, thus Sub2 is displaced from Yra1 by the binding
of Mex67 (Strässer and Hurt, 2001). Once the mRNP enters into the NPC
cytoplasmic face, Gle1 and inositol hexaphosphate (IP6) activate the
DEAD-box helicase Dbp5 which remodels mRNPs by removing Mex67 thus
preventing mRNPs from returning to the nucleus (Ling and Song, 2010).
Additionally, TREX complex is co-transcriptionally recruited (Abruzzi et al.,
2004; Strässer et al., 2002) and several labs have shown that TREX mutants
induce a defect in RNA Pol II elongation close to the 3´end preventing
mRNP rearrangement and polyadenylation resulting in the release of
mRNA from the transcription site (Rougemaille et al., 2008; Saguez et al.,
2008).
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The TREX-2 complex
TREX-2 complex is a conserved multiprotein complex in yeast composed of
Sus1, Sac3, Thp1, Sem1 and Cdc31 which is located at the NPC at least at
the steady state and it is required for efficient poly (A)+ mRNA export and
gene tethering to the nuclear periphery (Figure 8) (Faza et al., 2009;
Fischer et al., 2002, 2004; González-Aguilera et al., 2008; RodríguezNavarro et al., 2004).

Figure 8. Schematic illustration of the TREX-2 complex. TREX-2 is composed by Sac3-Thp1Sem1-Sus1-Cdc31 proteins and interacts with nucleoporines Nup1 and Nup60 at the NPC.
The binding of TREX-2 to export factors Mex67/Mtr2 heterodimers together with Yra1
promotes the export of mRNA molecules to the NPC.

64

Introduction

Jani and colleagues revealed the crystal structure of TREX-2 complex and
showed that Sus1 and Cdc31 bound to a central region of Sac3 (the CID
domain) that adopts a long α-helix conformation, around which one Cdc31
and two Sus1 molecules are wrapped (Jani et al., 2009). Hence, Sac3 acts
as a scaffold coordinating the interactions among the transcription and
mRNA export machineries.
At steady state, Sac3 is stably associated with the NPC through
interactions between its CID region and nucleoporins Nup1 and Nup60
(Fischer et al., 2002, 2004). On the other hand, Sus1 and Cdc31 stabilize
the NPC-TREX-2 complex whereas Thp1 and Sem1 bind to a central region
of Sac3 generating two juxtaposed winged-helix domains which bind
nucleic acid (Ellisdon et al., 2012). Thp1 and Sac3 subunits interact with
the export factor Mex67-Mtr2 (Fischer et al., 2002). Mutations that impair
the binding of Sus1, Thp1 or Cdc31 to Sac3 generate defects in mRNA
export and cell growth (Ellisdon et al., 2012; Jani et al., 2009).
Several results correlate TREX-2 components with transcription, for
instance, TREX-2 interacts with the Mediator complex regulating mRNA
export suggesting a mechanism for coupling transcription with mRNA
processing (Schneider et al., 2015). During gene gating, TREX-2 also
mediates the relocation of active genes to the nuclear periphery (Cabal et
al., 2006). TREX-2 also promotes the transcriptional memory seen with
several yeast genes (Chekanova et al., 2008).
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SAGA activity is linked to TREX-2 complex
Over the past years some studies have described several mechanisms
which connect transcription with mRNA export. A clear example of this
interconnection resides in protein Sus1 which is a component of both
SAGA and TREX-2 complexes and plays a key role in coupling transcription
activation and mRNA export (Rodríguez-Navarro et al., 2004). Indeed, the
interconnection between SAGA and TREX-2 regulates different steps of
gene expression. Sus1 participates in both transcription initiation and
elongation as it is recruited to the UAS upon gene activation and to coding
regions (Köhler et al., 2006; Pascual-García et al., 2008). Its role in
transcription elongation was demonstrated by studies from our lab
showing that it purifies with the elongating form of RNA Pol II. Sus1
binding to the UAS and ORF of ARG1 is partially mediated by the TREX-2
component Sac3 (Pascual-García et al., 2008). Indeed, Sus1 associates
with the mRNA adaptor Yra1 and the export factor Mex67 cotranscriptionally ensuring the coupling between transcription elongation
and mRNA export (Pascual-García et al., 2008; Rodríguez-Navarro, 2009).
Moreover, Sus1 is responsible for TREX-2 targeting to the NPC since cells
lacking SUS1 lead to a mislocalization of TREX-2 complex (Köhler et al.,
2008) (Figure 9). Some other studies link Sus1 with chromatin positioning
and it has been demonstrated that it is responsible for GAL1 tethering to
the nuclear periphery (Cabal et al., 2006). Additionally, other SAGA
subunits are also involved in mRNA export; the loss of the DUBm
component Sgf73 partly disrupts Sus1 association to TREX-2 complex and
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leads to a mislocalization of Sus1 to the cytoplasm (Köhler et al., 2008;
Pascual-García and Rodríguez-Navarro, 2009a; Pascual-García et al., 2008).
Furthermore, Sgf11 subunit also participates in mRNA export since
deletion of SGF11 enhances the mRNA export defect observed in sus1Δ
cells (Köhler et al., 2006).

Figure 9. SAGA and TREX-2 interplay. Sus1 belongs to both SAGA and TREX-2 complexes and
participates in both transcription initiation, elongation and mRNA export. Thus, Sus1 is recruited to
the UAS region via SAGA upon gene activation and it is also recruited to transcribed chromatin by
phosphorylation of RNA Pol II. Sus1 as part of TREX-2 complex participates in the export of mRNA
towards the NPC by its interaction with Yra1 and Mex67/Mtr2 and nucleoporines.

Work from our lab contributed to the understanding of TREX-2 complex
and its role in histone H2B deubiquitination. With this work, we
demonstrated that Sem1 component from TREX-2 complex also facilitates
the linkage between SAGA and TREX-2 since Sem1 is required for the
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induction of SAGA regulated genes GAL1 and ARG1 and it also takes part in
SAGA-dependent deubiquitination activity (García-Oliver et al., 2013).
SAGA and TREX complexes in nuclear periphery-gene tethering
Previous research have proposed that in S. cerevisiae part of the
transcription process occurs in the region next to the NPC enabling the
interaction among the gene locus and the NPC and thus, stabilizing and
activating the chromatin region to be transcribed ensuring the correct
posterior mRNA export. These studies suggest that nuclear position plays
an active role in determining optimal gene expression levels (Brickner et
al., 2007; Cabal et al., 2006; Casolari et al., 2004; Taddei et al., 2006). A
subset of genes including INO1, HXK1, GAL1, GAL2, GAL7, GAL10, HIS4,
HSP104, PRM1 and STL1 have been shown to relocalize to the nuclear
periphery after transcription activation (Raices and D’Angelo, 2017).
Several components of SAGA complex including Gcn5, Ada2 and Spt7
interact with the inner nuclear basket protein Mlp1 and it has been shown
that they associate with the same region of the GAL promoters supporting
previous results that relied upon visualization of GAL loci at the NPC
(Luthra et al., 2007). Additionally, deletions of SUS1, NUP1 and SAC3
impairs the relocalization of GAL1 to the nuclear periphery following its
activation (Cabal et al., 2006; Green et al., 2012). The binding of TREX-2
complex to the NPC has been proposed to function by integrating mRNA
export with earlier steps in gene expression which promote gene stability
by the inhibition of R-loop formation (reviewed in García-Oliver et al.,
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2012; Rodríguez-Navarro and Hurt, 2011). R-loops seem to occur in
mutants affecting mRNP formation and processing as has been shown in
mutants of the THO/TREX complex (Huertas and Aguilera, 2003). Indeed,
transcription elongation is impaired by R-loops (Tous and Aguilera, 2007).
Further work on TREX-2 by Schneider and coworkers showed that
Mediator complex participates in connecting RNA Pol II to TREX-2 and
NPCs, furthermore the interaction between TREX-2 and mediator is
required for the targeting of GAL1 and HXK1 genes to the nuclear
periphery (Schneider et al., 2015). Other advances have also contributed
to the understanding of the molecular mechanisms that mediate nuclear
periphery-gene tethering. For example, targeting of INO1 to the nuclear
periphery is mediated by GRS1 and GRS2 (Gene recruitment sequences)
which present binding sites for transcription factors that mediate generelocation (Ahmed et al., 2010). Controversy exists among the studies
since some researchers have hypothesized that NPC interact with
transcribable regions of the genome and that serves as a platform for
gene-gating (Ptak et al., 2014). However, some other researchers have
demonstrated that active genes are rarely co-localize with the nuclear
envelope and that the distance between active site loci and the nuclear
periphery is not suitable for the tethering of active genes to the NPC (Guet
et al., 2015).
Interestingly, some studies have also suggested that upon gene repression,
genes are maintained at the nuclear periphery for future generations
where they are poised for transcription and are reactivated faster in
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response to a future induction, a mechanism known as transcription
memory (D’Urso and Brickner, 2014). One well-established example for
this phenomenon is the inducible INO1 gene. Once the gene is repressed,
INO1 remains associated with the nuclear periphery for some generations
exhibiting faster rate of transcriptional reactivation (Brickner et al., 2007).
Therein, the association of genes to the nuclear periphery promotes a
more efficient gene expression and enhances transcriptional memory
(Taddei et al., 2006; Texari et al., 2013).

Protein trafficking; Mog1 protein and its role in
Ran GTP/GDP cycle
Ran is an evolutionary conserved member of the Ras superfamily of small
GTPases which plays critical roles in nucleocytoplasmic transport of
macromolecules through the NPC (Görlich and Kutay, 1999). Additionally,
Ran is implicated in cell cycle regulation and microtubule assembly
dynamics (Desai and Hyman, 1999). Ran mediates the Ran GTPase cycle
which is involved in nuclear import and export pathways, hence, proteins
destined to the nucleus contain nuclear localization signals (NLS) while
proteins destined for the cytoplasm present a nuclear export signal (NES).
The directionality of transport is based on nuclear Ran GTP-bound and
cytoplasmic Ran GDP-bound (Görlich and Kutay, 1999).
The GTPase activity of Ran (Gsp1 in S. cerevisiae) is mediated by tightly
controlled cycles of GTP binding and hydrolysis, producing GTP-and GDP-

70

Introduction

bound forms that interact with several regulators and effectors. Thus, the
nuclear guanine nuclear exchange factor (GEF) named as Rcc1 in
vertebrates (Prp20 in S. cerevisiae) catalyses GDP release and GTP-binding
(Bischoff and Ponstingl, 1991). In contrast, the conversion of RanGTP to
RanGDP occurs in the cytoplasm and it is mediated by a Ran GTPaseactivating protein (Ran GAP) known as Rna1 in S. cerevisiae and its coactivators Ran binding proteins such as Yrb1 which shuttles rapidly
between the nucleus and cytoplasm although at steady-state it is localized
in the cytoplasm (Künzler and Hurt, 2001; Plafker and Macara, 2000). The
transport of RanGDP to the nucleus is mediated by the transport factor
NTF2 (Steggerda et al., 2000). Therefore, Ran regulators are responsible
for maintaining Ran in a predominantly GDP-bound state in the cytoplasm
and in a GTP-bound state in the nucleus (Görlich and Kutay, 1999).
Mog1 (multicopy suppressor of Gsp1) also participates in the Ran GTPase
pathway and it was first identified in yeast (Oki and Nishimoto, 1998) and
subsequently in vertebrates (Steggerda and Paschal, 2000). Researchers
have shown that Mog1 has a functional interaction with Ntf2 and it is
required for nuclear-protein import that binds to Ran (yeast Gsp1) (Baker
et al., 2001; Oki and Nishimoto, 1998). Additionally, it is able to rescue the
temperature sensitive growth defect phenotype associated with yeast
Gsp1 (Tatebayashi et al., 2001) (Figure 10).
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Figure 10. Simplified scheme of the Ran GTP/GDP cycle. The activity of Ran is mediated by cycles of
GTP/GDP-bound forms. Ran-specific regulatory proteins catalyse the interchange between Ran-GTP
and Ran-GDP. The nuclear guanine nucleotide exchange factor Prp20 catalyses the exchange of GDP
for GTP in the nucleus, along with Mog1 which binds to Ran-GDP and Ntf2 promoting nuclear
import. The Ran-GDP is exported to the cytoplasm where two cytoplasmic regulatory proteins for
Ran; The Ran GTPase activating protein (Rna1) and the Ran-binding protein 1 (Yrb1) catalyse GTP
hydrolysis on Ran. The nuclear transport factor 2 (Ntf2) mediates the transport of Ran-GDP to the
nucleus to complete the cycle.

In addition to its role in nuclear-protein import, it has been established
that Mog1 in higher eukaryotes interacts with cardiac sodium channel
Nav1.5 and regulates cell surface trafficking of Nav1.5 (Wu et al., 2008).
The Nav1.5 is encoded by the SCN5A gene and it is required for generation
and maintenance of the cardiac potential (Tian et al., 2004; Yong et al.,
2007). Some studies have suggested that overexpression of Mog1
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enhances Nav1.5 trafficking which rescues the associated SCN5A/Nav1.5
mutations responsible for Brugada syndrome (BrS) and sick sinus
syndrome (Chakrabarti et al., 2013). Furthermore, recent studies in
zebrafish have shown that deletion of MOG1 results in abnormal cardiac
looping during embryogenesis, indeed, it decreases the expression of
several genes involved in cardiac morphogenesis which suggests that
Mog1 is implicated in cardiac physiology and development (Zhou et al.,
2016).
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Spinocerebellar ataxia type 7 (SCA7) disease
Spinocerebellar ataxia type 7 (SCA7) is an autosomal hereditary
neurodegenerative disease included in the polyglutamine expansion
disorders caused by a mutation in the ataxin-7 protein (ATXN7)
(homologue of yeast Sgf73) (David et al., 1997; Garden and La Spada,
2008). Cloning of the gene responsible for SCA7 showed an unstable
expansion of a CAG repeat (polyQ) close to the N-terminal region of ATXN7
on SCA7 patients (David et al., 1997; Garden and La Spada, 2008; Lindblad
et al., 1996). Patients with this disease present a highly variable number of
repetitions ranging from 38 to 130; however, unaffected population
usually contained 7-17 repeats. Indeed, there is a negative correlation
between the CAG repeat size and the age of onset (David et al., 1998).
Common features found in SCA7 patients are related to neuron
degeneration in the retina, cerebellum and brainstem (McCullough and
Grant, 2010). Cerebellar degeneration found in these patients leads to
ataxia where a reduction of the ability to coordinate muscle movement is
affected. Retinal degeneration characterized by cone-rod dystrophy retinal
degeneration with a subsequent progressive blindness is a unique feature
on SCA7 (Aleman et al., 2002). Other related clinical symptoms include
muscle weakness, amyotrophy, dysarthria, dysphagia, hearing loss and
intellectual impairment. The sites in the CNS most affected by the disease
are mainly localized in cerebellar Purkinge cells, dentate nucleus, inferior
olive, spinal cord, retina and brainstem (Hands and Wyttenbach, 2010).
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At least nine heritable disorders containing a polyglutamine tract have
been

previously

described

including

Huntington’s

disease

(HD),

dentatorubral pallidoluysian atrophy (DRPLA), spinal and bulbar muscular
atrophy (SBMA), and the spinocerebellar ataxias SCA1,SCA2, SCA3, SCA6,
SCA7, and SCA17 (Orr and Zoghbi, 2007) (Table 1) .

Table 1. Polyglutamine disorders caused by a polyglutamine tract expansion. Table
adapted by the work by Orr (Orr and Zoghbi, 2007).
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All polyQ disorders are slowly progressive and similar aspects found in
these diseases are the aggregation of polyQ proteins into nuclear
inclusions (NIs) in the brain of patients (Garden and La Spada, 2008).
Some researchers have attempted to answer how polyglutamine
expanded ATXN7 (referred as polyQ-ATXN7) alters SAGA activity. In light of
this, some studies have suggested that polyQ-ATXN7

disrupts SAGA

integrity and diminishes HAT activity (McMahon et al., 2005; Palhan et al.,
2005). Indeed, another study reported that the reduction in Gcn5
expression accelerates cerebellar and retinal degeneration in a SCA7
mouse model (Chen et al., 2012). However, some others have shown that
histone or nucleosomal acetylation activities are unaffected in SCA7,
however, there exists transcriptional defects in SCA7 mouse model since
polyQ-ATXN7 alters TFTC/STAGA recruitment and chromatin structure
leading to photoreceptor dysfunction (Helmlinger et al., 2006).
Other studies have attempted to identify and characterize the molecular
mechanisms involved in the disease thus enabling the understanding of
tissue specificity of SCA7. McCullough and colleagues identified REELIN
(factor involved in the maintenance and development of Purkinge cells an
cerebellum) as an ATXN7 target gene and found that polyQ-ATXN7
decreased

ATXN7

occupancy

showing

increased

levels

of

H2B

monoubiquitination at the REELIN promoter (McCullough et al., 2012).
Yvert and coworkers also expressed mutant ATXN7 under the control of
retinal and cerebellar promoters and showed that polyQ-ATXN7
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overexpression leads to deficiencies in motor coordination. Moreover,
mutant

ATXN7

accumulated

into

NIs

sequestering

several

chaperone/proteasome subunits (Yvert et al., 2000). Later studies
expressed mutant ATXN7 (92 polyQ) in all neurons from the central
nervous system (CNS), except for Purkinge cells. Mice expressing this
protein showed a typical SCA7 phenotype with motor dysfunction,
however, degeneration on cerebellar Purkinge cells was also detected.
This new approach suggested that the degeneration of Purkinge cells can
occur in a non-cell-autonomous way which suggests that mutant ATXN7
protein might be expressed in other cells which could also be linked to
disease development (Garden et al., 2002). Due to this finding,
researchers considered the possibility that glial dysfunction could lead to
Purkinge cell degeneration and demonstrated that expression of mutant
ATXN7 in glial cells was sufficient to produce Purkinge cells degeneration
thus implicating glial cells in SCA7 pathogenesis (Custer et al. 2006).
The cone-rod homeobox protein (CRX) is a photoreceptor-specific
transcription activator which is mainly expressed in retinal photoreceptors
cells and it is involved in controlling the expression of other genes related
to photoreceptors such as rhodopsin. La Spada et al., produced transgenic
mice expressing mutant ATXN7 (92 Q) through the retina by inserting the
transgene into the murine prion protein promoter (MoPrP) construct.
These mice developed a cone-rod dystrophy which was linked to retinal
degeneration and lose of visual function. As mutations in CRX have been
related to cone-rod dystrophy, researchers found that mutant ATXN7
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interfered with the CRX transcription of photoreceptors genes and
recruited CRX into NIs. This study suggests that one of the key hallmarks of
this pathology might be linked to the suppression of CRX transactivation
by the interaction with the transgene (La Spada et al., 2001). Indeed, later
studies also confirmed CRX contribution into SCA7 pathogenesis (Chen et
al., 2004). Although researchers are trying to understand the molecular
basis of this disease, further studies are needed in order to find a tempting
therapeutic approach.
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Yeast strains
All yeast strains used in this thesis are described in the following table.
Name
BY4741
BY4742
SUS1-TAP
SUS1-GFP
SUS1-TAP asf1Δ
SUS1-GFP
SUS1-GFP mog1∆

UBP-GFP

SGF11-GFP

SGF11-GFP mog1Δ

Genotype
Origen
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
EUROSCARF
ura3-Δ0
Mat α, leu2-Δ0, his3-Δ1, met15-Δ0,
EUROSCARF
ura3-Δ1
Mat α, ade2, his3, leu2, trp1, ura3,
This
SUS1-TAP::URA3
laboratory
RodriguezMat a, leu2-Δ0, his3-Δ1, met15-Δ0,
Navarro et
ura3-Δ0, SUS1-GFP::HIS3
al., 2004
Mat α, ade2, his3, leu2, trp1, ura3, Pamblanco
SUS1-TAP::URA3 asf1::KanMX4
et al., 2014
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
This
ura3-Δ0 SUS1-GFP::KanMX4
laboratory
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0 SUS1-GFP::KanMX4
This Thesis
mog1::HIS3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
This
ura3-Δ0
laboratory
UBP8-GFP::HIS3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
This
ura3-Δ0
laboratory
SGF11-GFP::HIS3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
SGF11-GFP::HIS3 mog1::KanMX4
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UBP8-GFP mog1∆

UBP8-TAP

UBP8-TAP mog1Δ

RAD6-TAP mog1∆

RAD6-TAP

SWD2-TAP mog1Δ

SET1-TAP mog1Δ

SWD2-TAP

SET1-TAP

MOG1-TAP

MOG1-TAP
ADA2-HA

Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
UBP8-GFP::HIS3 mog1::KanMX4
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
UBP8-TAP::HIS3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
UBP8-TAP::HIS3 mog1::KanMX4
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
RAD6-TAP::URA3 mog1::HIS3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
RAD6-TAP::URA3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
SWD2-TAP::KanMX4 mog1::HIS3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
SET1-TAP::HIS3 mog1::URA3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
SWD2-TAP::KanMX4
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
SET1-TAP::HIS3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
MOG1-TAP::URA3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
MOG1-TAP::URA3
ADA2-HA::KanMX4
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Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
This Thesis
MOG1-TAP::URA3
ADA2-HA::KanMX4 UBP8-PK::HIS3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
UBP8-PK ADA2-HA
ura3-Δ0
This Thesis
ADA2-HA::KanMX4 UBP8-PK::HIS3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
MOG1-TAP
ura3-Δ0
This Thesis
SGF73-HA UBP8-PK MOG1-TAP::URA3 SGF73-HA::LEU2
UBP8-PK::HIS3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
SGF73-HA UBP8-PK
ura3-Δ0
This Thesis
SGF73-HA::LEU2 UBP8-PK::HIS3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
UBP8-PK
ura3-Δ0
This Thesis
UBP8-PK::HIS3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
MOG1-HA
ura3-Δ0
This Thesis
MOG1-HA::KanMX4
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
This
sus1Δ
ura3-Δ0, sus1::KANMX4
laboratory
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
asf1Δ
EUROSCARF
ura3-Δ0, asf1::KanMX4
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0, Pamblanco
asf1Δsus1Δ
ura3-Δ0, asf1::KanMX4, sus1::HIS3 et al., 2014
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
sgf73∆mog1Δ
ura3-Δ0
This Thesis
sgf73::HIS3 mog1::KanMX4
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
sgf73∆
ura3-Δ0
This Thesis
sgf73::HIS3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ubp8∆ mog1∆
ura3-Δ0
This Thesis
Ubp8::KanMX4 mog1::HIS3
MOG1-TAP
ADA2-HA UBP8-PK
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ubp8∆

bre1Δ

rad6Δ

rad6Δmog1Δ

set1Δ

set2Δ

sgf11Δmog1Δ

sgf11Δ

sac3Δmog1∆

sac3∆

thp1∆

thp1∆ mog1∆

Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
Ubp8::KanMX4
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
bre1::KanMX4
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
rad6::KanMX4
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
rad6::KanMX4 mog1::HIS3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
set1::KanMX4
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
set2::KanMX4
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
sgf11::KanMX4 mog1::HIS3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
sgf11::KanMX4
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
sac3::KanMX4 mog1::HIS3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
sac3::KanMX4
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
thp1::LEU2
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
thp1::LEU2 mog1::HIS3
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set1∆mog1∆

set2∆mog1∆

dot1∆mog1∆

dot1∆

mog1∆

mog1∆

Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
This Thesis
set1::KanMX4 mog1::URA3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
This Thesis
set2::KanMX4 mog1::URA3
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
This Thesis
dot1::KanMX4 mog1::LEU2
Mat a, leu2-Δ0, his3-Δ1, met15-Δ0,
Dr. San
ura3-Δ0
Segundo
dot1::KanMX4
Mat α, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
This Thesis
mog1::HIS3
Mat α, leu2-Δ0, his3-Δ1, met15-Δ0,
ura3-Δ0
EUROSCARF
mog1::KanMX4

Primers
The selected primers for use in S. cerevisiae in quantitative PCR (qPCR) are
described below. All of them were purchased from Sigma-Aldrich. Primers
used in qPCR were designed following the recommendations given by
Light Cycler 480 Real-Time PCR System with a Tm close to 60 °C and an
amplicon size between 100-180 bp.
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Gene
GAL1-FW
GAL1-RV
GAL1-FW
GAL1-RV
SCR1-FW RT
SCR1- RV RT
IntV-FW
IntV-RV
ADH1-FW
ADH1-RV
ADH1-FW
ADH1-RV
PMA1-FW
PMA1-RV
PMA1-FW
PMA1-RV
YEF3-FW
YEF3-RV
YEF3-FW
YEF3-RV

Region
Promoter
ORF
ORF SCR1

5'-3' sequence
AAAATTGGCAGTAACCTGGCC
CCCCAGAAATAAGGCTAAAAAACTAA
TTGCTAGATCGCCTGGTAGAGTC
GGCGCAAAGCATATCAAAATC
AACCGTCTTTCCTCCGTCGTAA
AGAACTACCTTGCCGCACCA

Intergenic
TGTTCCTTAAGAGGTGATGGTGA
region
Chromosome V
GTGCGCAGTACTTGTGAAAACC
TCGTTGTTCCAGAGCTGATG
Promoter
AACTGGAAGGAAGGCCGTAT
ACGAATCCCACGGTAAGTTG
5´ORF
AAGCGTGCAAGTCAGTGTGA
AAAAGGCCAAATATTGTATTATTTTCA
Promoter
TTCACTATTGGTGTTATAGGAAAGAAA
CAGCTCATCAGCCAACTCAA
5´ORF
TCGTCGACACCGTGATTAGA
TTTTTCGCTTCCTCGAGTATAA
Promoter
GAAAGAGAGCGTAAGAAAAAGAGA
CACTGCTGACAACAGACACG
5´ORF
TTGATACCCTTGGCCAATTC

The subsequent primers purchased from DTT were designed to study
mRNA expression at the promoters of the selected primers in qPCR
following the recommendations given by Light Cycler 480 Real-Time PCR
System with a Tm close to 60 °C and an amplicon size between 100-150
bp.
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GENE
RPL10-FW
RPL10-RV
RPL19-FW
RPL19-RV
RPL18A-FW
RPL18A-RV
RPL23-FW
RPL23-RV
RPL37-FW
RPL37-RV
RPL8-FW
RPL8-RV
RPL35-FW
RPL35-RV
RPL6-FW
RPL6-RV
RPL27-FW
RPL27-RV
RPS23-FW
RPS23-RV
MPC2-FW
MPC2-RV
TMEM33-FW
TMEM33-RV
SLco1c1-FW
SLco1c1-RV
SLc20a1-FW
SLc20a1-RV
CP-FW
CP-RV
HEPH-FW

5´-3´SEQUENCE
TCGGATCTTAGCATCAGGGA
GGAGCGTCTCTTTTCCTCTG
GATCCTCATCCTTCTCATCCAG
AAGCCTGTTACTGTCCAATTC
AGATTCGCATACGGTACAGTG
CTTTTGTGACTGGCGGTGA
TTAGCTCCTGTGTTGTCTGC
ACTTCTTTCTGACCCTTTCC
CTGATGGCAGACTTCACTGT
AGTACACTTGCTCCTTCTGTG
CTCCAAAGGGATGCTCCAC
TTGGTGTTGTGGCTGGT
GCTTGTATTTCTTGCCCTTGT
GTCCAAGCTCTCCAAGATACG
GGCAATGACAAACTTCTGGTG
CTGTCCTGATCATCCTCACTG
GGTGCCATCGTCAATGTTCT
CTGCCTGCTGTCGAGATG
GGCTTTCTTGTACTGTTTGTCAT
GCACCTCCTCTCTCTTTCTCT
CTAGTCCAGCACACACCAAT
CCGACTCATGGATAAAGTGAG
CAAAGCACGCTGGTAAAAGC
CGCTGTGCAATTCATGATGAC
CCAGGAAGACATAACCCACA
CCAATGTTACTCCCAGCATCT
AGCTCATAAGCCATTAGGAAC
GTGATGTCGTGGTTCGTCT
CTTGTCTCCAACATTTGCATGA
GAAGGTTGTGTATCGCCAGTT
ACACATGCTCAACTCTGGTAA
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HEPH-RV
Idh3b-FW
Idh3b-RV
Idh3g-FW
Idh3g-RV
GAPDH-FW
GAPDH-RV

ATTGCTACTTACTGCTCAGACC
AAGTGACTTCACGTGGACTAC
AGGTGCTGAGTTCCATGAAG
GCCACCATACTTAGCAGATG
AATGCTCAAGCCAACTCTCC
GTGACTCATACTGGAACATGTAG
AATGGTGAAGGTCGGTGTG

Commercial Kits
Along this work the following commercials kits have been used following
manufacturer´s instructions:
Name

Company

Wizard™ Plus SV Minipreps DNA Purification System™

Promega

Wizard™ SV Gel and PCR Clean-Up System™

Promega

Amersham Western Blotting Detection Kit™ (ECL Select)

GE Healthcare

Coomassie coloidal Novex Colloidal Blue Staining Kit™

Invitrogen

NUPAGE protein gels 4-12% Bis-Tris Gel™

Invitrogen

Maxima SYBR® Premix Ex Taq™

Takara

Histone extraction Kit

Abcam

DNA Kit Purification

Zymoresearch

Bradford Assay

Biorad

Antibodies
During this thesis the following antibodies have been used at the indicated
concentrations

for

Western

blot

analysis

(WB),

chromatin

immunoprecipitation (ChIP) or protein Immunoprecipitation (IP).
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Primary Antibodies
Host

Dilution and
Application

Anti-TAP

Rabbit

1:5000 (WB)

Anti-Flag

Rabbit

Anti-HA

Rat

Anti-PK

Mouse

Anti-PGK

Mouse

1:2000 (WB)
1:1000 ( WB),
1:1000 (ChIP)
1:10000 ( WB);
1:1000 (IP)
1: 15000(WB)

Anti-Myc

Mouse

1:5000 (WB)

Anti-H2B
AntiH2Bub1
AntiH3K4me3
Anti-H3

Rabbit

1:10000

Rabbit

1:5000 (WB)

Rabbit

1:5000 (WB)

Abcam

Rabbit

1:10000 (WB)

Abcam

Name

Company
Thermo scientific
(Pierce)
Sigma Scientific
Roche
ABD Serotec
Invitrogen
Santa Cruz
Biotechnology
Active Motif
Cell Signaling
Technology

Secondary Antibodies
Name
Anti-mouse-IgG-ECLTMHRP
Anti-Rabbit-IgG-ECLTMHRP
Anti-Rat-IgG-ECLTMHRP

Company
GE Healthcare
GE Healthcare
DAKO

ECL Select developer from GE Healthcare was used for immunostaining
detection and High performance chemiluminescence films (Amersham
Hyperfilm ECL, GE Healthcare) for signal detection.
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Plasmids
The following table contains the plasmids used to obtain the required
cassettes for tagging or gene deletion (Lengronne et al., 2006; Longtine et
al., 1998; Puig et al., 2001; Wach et al., 1994).
Name
pFA6aKanMX4

Description
Integrate KanMX4 marker for gene
deletion
Integrate HIS3 marker for gene
pFA6a-HIS3
deletion
Integrate URA3 marker for gene
pFA6a-URA3
deletion
pFA6a-GFPIntegrate GFP tag with HIS3 marker
HIS3
pFA6a-HAIntegrate HA epitope with HIS3
HIS3
marker
Integrate TAP epitope with KanMX4
pBS2623
marker
Integrate TAP epitope with URA3
pBS1539
marker
pUC19Integrate 6 copies of PK epitope with
6xPKHIS3
HIS3
pGADT7 AD Integrate ATXN7 protein with 10Q
ATXN7-10Q repetitions
pGADT7 AD Integrate ATXN7 protein with 113Q
ATXN7-113Q repetitions
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Wach et al.,1994
Longtine et
al.,1998
Longtine et
al.,1998
Longtine et
al.,1998
Longtine et
al.,1998
Puig et al., 2001
Puig et al., 2001
Lengronne et al.,
2006
Dr. La Spada
Dr. La Spada
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The next table contains the plasmids used for the expression of human
proteins in HEK293T cells:
Name

Description

Origin

pCMV myc-ATXN7-92Q Expression of human ATXN7-92Q

Dr. La Spada

pCMV myc-ATXN7-10Q Expression of human ATXN7-10Q

Dr. La Spada

pCMV HIS 6X-ATXN7L3 Expression of human ATXN7L3

Dr. La Spada

pCMV ENY2-3XFLAG

Dr. La Spada

Expression of human ENY2

pDEST-USP22-FLAG-HA Expression of human USP22

Addgene

Human cell lines
Human embryonic kidney cells 293 (HEK293T) were purchased from
ATCC (https://www.atcc.org/Products/All/CRL-3216.aspx).
Mice
Non-transgenic and PrP-floxed-SCA7-92Q BAC littermates were created at
the University of San Diego (California) and University of Washington
(Washington) (Furrer et al., 2011). All studies and procedures were
approved by an Institutional Animal Care and Use Committee at the
University of Washington or at the University of California, San Diego
(U.S.A).
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Radioactivity
UTP [alpha-33P] - 3000Ci/mmol, 10mCi/ml, PerkinElmer
dCTP [alpha-33P] - 3000Ci/mmol, 10mCi/mL, Hartmann Analytic
ATP, [γ-32P] - 3000Ci/mmol, 10mCi/ml, PerkinElmer

Methods
Saccharomyces cerevisiae
Yeast cultures and cell growth assay
Yeast cultures: Cells were cultured in the following media depending on
the desired condition:
Rich media YPD (YPD): 1 % yeast extract (m/v), 2 % peptone (m/v) and 2 %
glucose (m/v).
YPGal: YP plus 2 % galactose (m/v) as carbon source, 1 % yeast extract
(m/v) and 2 % peptone (m/v).
YPRaf: YP plus 2 % rafinose (m/v)

as carbon source, 1 % yeast extract

(m/v) and 2 % peptone (m/v).
Synthetic complete (SC) medium: yeast nitrogen base (YNB) without
amino acids, and 1.7 % ammonium sulphate (m/v) (NH4)2SO4 at 0.5 %
(m/v) and 0.2 % Drop out Mix (m/v). The Drop out contains a mix of all
aminoacids at 0.2 %.
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Yeast were grown in either liquid medium (at 30 °C with 140 rpm
agitation) or on the surface of a solid 2 % (m/v) agar plate. Auxotrophic
yeast strains transformed with plasmids or integration cassettes were
cultured in synthetic minimum medium (SC) lacking the amino acid
corresponding to the auxotrophy. Yeast strains containing plasmids or
integration cassette expressing the geneticine gene (KanMX4) were
selected by the addition of geneticine 20 mg/ml to the selection plates.
Cell growth Assay
For the growth analysis, yeast cultures were diluted up to 0.5 OD 600, 4
serial dilutions were prepared (1:10; 1:100; 1:1000; 1:10000) and 5 µl of
each dilution were spotted onto YP+glucose or YP+galactose plates and
incubated at various temperatures, generally at 30 °C and 37 °C.
Gene deletion and protein tagging
Both gene deletion and epitope tagging (TAP, MYC, GFP, PK and HA) were
performed through integration prior PCR amplification of the cassette
(Baudin et al., 1993). Briefly, this strategy consists on the design of primers
that contain two distinct regions, one that permits the homologous
recombination to the target chromosomal sequence and the second part
which allows the PCR amplification of a selectable marker. Following PCR
amplification, the obtained cassette was used for yeast transformation.
The selectable markers used in this work were KanMX4 which confers
resistance to the antibiotic geneticine or genes that complete the
auxotrophy present in the yeast strains (HIS3, URA3, and LEU2 etc.). To
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confirm the deletion or the tagging of the gene, PCR or Western blot
analysis was performed respectively. The methodology to obtain the
desired PCR cassette is described below.
Genomic DNA isolation
To obtain genomic DNA, 5 ml of yeast culture were grown in YP+Glucose
at 30 °C overnight. Cells were centrifuged at 2.500 rpm during 3 minutes
and were washed twice with sterile deionized water. 200 µl of Lysis buffer
(2 % Triton X-100 (v/v), 1 % SDS (m/v), 100 mM NaCl, 10 mM Tris-HCl pH
8.0 and 1 mM EDTA pH 8.0), 200 µl of phenol:chloroform:isoamyl alcohol
(25:24:1) and 200 µl of glass beads were added to the cell pellet. Cell
breakage was conducted in a vortex Genie-2 model (Scientific Instruments)
at 4 °C for 15 minutes. Cells were centrifuged at 13.200 rpm for 10
minutes at 4 °C. The aqueous phase was collected and passed into a new
1.5 ml tube where 2 volumes of 96 % cold ethanol (v/v) and 60 µl of NaCl
5 M were added to precipitate the DNA during 1 hour at - 20 °C. To collect
the DNA, the sample was centrifuged at 13.200 rpm for 15 minutes at 4 °C
and cell pellet was washed with 70 % cold ethanol (v/v). Finally,
supernatant was eliminated and once the pellet was air-dried, it was
resuspended in 50 µl of sterile water and maintained at - 20 °C until use.
Plasmid DNA isolation from E. coli
To obtain plasmid DNA, Wizard™ Plus SV Minipreps DNA Purification
System™ (Promega) was used following the manufacturer’s instructions.

94

Materials and Methods

RNA isolation
For total RNA extraction, 10 ml of yeast cells grown in YPD overnight at
30 °C were collected by centrifugation. Cells were washed twice with cold
sterile water and the cell pellet was immediately frozen in liquid nitrogen
and stored at - 80 °C until further processing. The cells were thawed on ice
and resuspended in 0.5 ml of LETS buffer (0.1 M LiCl, 10 mM EDTA, 10 mM
Tris-HCl,

0.2

%

SDS

(m/v)),

additionally,

0.5

ml

of

phenol:choloroform:isoamyl alcohol (5:1 pH 4.3) and 0.3 ml of glass beads
were added to the cells. Cells breakage was performed by vortexing the
mixture during 6 rounds of 30 seconds on/off at 4 °C. Subsequently,
samples were centrifuged for 5 minutes at 13.200 rpm at 4 °C. The
supernatant was collected and passed into a new tube, and a second
extraction with chloroform:isoamyl alcohol (24:1) was conducted. The RNA
was precipitated by the addition of 500 µl 5M LiCl and left overnight at
- 80 °C. Cell pellet was obtained by centrifugation for 20 minutes at 13.200
rpm at 4 °C and washed with 70 % ethanol (v/v) and resuspended in 500 µl
sterile water. The RNA was again precipitated with 50 µl of 3 M NaAc and
2 volumes of 100 % EtOH (v/v) and left for at least 3 hours at - 80 °C. The
RNA pellet was obtained by centrifuging for 20 minutes at 13.200 at 4 °C.
The precipitate was washed with 70 % EtOH, the pellet was air-dried and
resuspended in sterile water. The concentration of RNA was obtained by
measuring the absorbance at 260 nm with the use of a spectrophotometer
Nanodrop 2000 (Thermo Fisher)
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Reverse Transcription or cDNA synthesis
From the RNA extraction, 2 µg of RNA was incubated with 1 unit of DNAse
(Sigma 20 U/µl) at room temperature for 15 minutes in a final volume of
20 µl. The RNA was extracted twice with a mixture of 500 µl
phenol:chloroform:isoamyl alcohol (25:24:1) and a third extraction was
performed with chroloform:isoamyl alcohol (24:1). The RNA was
precipitated overnight with 1 µl glycogen and two volumes of 100 % EtOH
and subsequently centrifuged for 20 minutes at 13.200 rpm at 4 °C. The
pellet was washed with 70 % ethanol (v/v) and resuspended in 20 µl of
deionized water. Then, 1 µg of RNA treated with the DNAse was incubated
with 1 µl of random primers (Invitrogen) and 1 µl of dNTP Mix (dATP,
dCTP, dGTP and dTTP) at 4 mM concentration (Invitrogen) at 65 °C during
5 minutes followed by incubation on ice. To this mix, 4 µl of 5X first-strand
buffer (Invitrogen), 2 µl 0.2 M DTT and 1 µl RNase OUT (40 U/µl)
(Invitrogen) was added and incubated for 2 minutes at 37 °C. Half of the
mixture was used as negative control of DNA presence and the rest was
used for reverse transcription for which 1 µl of reverse transcriptase MMLV (Invitrogen) was added to the mix. Samples were incubated first for
10 minutes at 25 °C and second, for 50 minutes at 37 °C. To stop the
reaction, the samples were stored at -20 °C. For the amplification of
reverse transcription product (cDNA), 3 µl of 1/20 dilution of the obtained
cDNA was used as a template in the qPCR. The reaction volume for these
studies was 10 µL.
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Transformation of yeast cells
Yeast cells were transformed following the described lithium acetate
protocol (Gietz et al., 1995). Yeast cells were grown in 50 ml YP+Glucose
medium until an OD600 0.6 was reached. Cells were collected by
centrifugation at 1.800 rpm for 3 minutes and washed with sterile
deionized water.

Cells were resuspended in 0.5 ml 0.1M LiAc and

incubated for 15 minutes at 30 °C. Then, 5 µl of salmon sperm DNA carrier
dissolved in TE (1 M Tris-HCl pH 8.0, 0.5 M EDTA pH 8.0) at 2 mg/ml
concentration, 1-5 μg of the integrative/deletion cassette obtained by PCR
or 0.1-1 μg of plasmid DNA were added to the cells. To this mix, the
following reagents were added; 240 µl of 50 % PEG (v/v), 30 µl sterile
deionized water and 30 µl LiAc 1M.
The tube containing the mix was vigorously mixed and incubated first for
30 minutes at 30 °C and for 20 minutes at 42 °C in a thermomixer
(Eppendorf). Cells were later centrifuged for 2 minutes at 1.800 rpm and
cell pellet was resuspended in 200 µl sterile deionized water to be spread
into agar plates.
Depending on the selective marker contained in the plasmid or
integrative/deletion cassette, cells were spread on the corresponding
minimum selective medium. In those transformations where geneticine
antibiotic was used as selective marker, cells were recovered in
YP+Glucose medium during 2-4 hours at continuous shaking at 30 °C. This
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step is needed for the cells to express the necessary amount of antibiotic
to allow them growing in plates containing 0.2 mg/ml geneticine.
PCR (Polymerase Chain Reaction)
The reactions were performed in reaction of final volumes of 50 µl (PCR
for integration cassette) or 15 µl (PCR test). For the integration cassette
the following reagents were used in a final 50 µl volume: 1 µl DNA
template from 1:25 diluted commercially Miniprep (Promega), 36.3 µl of
sterile deionized water, 0.3 µl Taq polymerase (Roche), 5 µl of 10X buffer
Taq polymerase (Roche), which includes MgCl2, 1.2 µl of each 10 mM
primer (forward and reverse) and

5 µl of a mixture of the 4 mM dNTPs

(dATP, dCTP, dGTP and dTTP). In this case, the following PCR program was
used as indicated: 95 °C 3 minutes, 9 cycles (94 °C 15 seconds, 54 °C 30
seconds, 72 °C 2 minutes, 94 °C 15 seconds), 25 cycles (54 °C 30 seconds,
72 °C 2 minutes + 5 seconds per cycle), 72 °C 7 minutes and 4 °C.
For the PCRs test: 1 µl of DNA template, 9.55 µl of sterile deionized water,
0.15 µl of Taq polymerase (Roche), 1.5 µl of 10X buffer Taq polymerase
(Roche) including MgCl2, 0.45 µl of each primer 10 mM and 1.5 µl of a
mixture of the dNTPs 4 mM . The following amplification protocol was
used in general: 1 cycle of 3 minutes at 94 °C; 30 cycles composed of 30
seconds at 94 °C, 30 seconds at the optimal annealing temperature for
each oligonucleotide pair and a time variable extension (1 minute per kb)
to 72 °C; finally, 72 °C for 10 minutes and 4 °C.
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Quantitative-PCR
The analysis of gene expression and the chromatin recruitment of the
studied genes were performed by RT-PCR and quantitative PCR using the
LightCycler ™ thermocycler 480 (Roche). 5 µl of SYBR Premix Ex Taq (Tli
RNase H Plus (Takara)), 1.25 µl of each of the primers, 3 µl of DNA or cDNA
template and 1.5 µl of sterile water were used in each replicate. All
samples contained technical triplicates. The relative quantification of each
PCR amplicon was obtained following the next calculations:
𝑪𝒉𝑰𝑷 𝒒𝑷𝑪𝑹: 𝑃𝑟𝑖𝑚𝑒𝑟𝑠 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦^ (𝐶𝑇 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
− 𝐶𝑇 𝐼𝑃 𝑠𝑎𝑚𝑝𝑙𝑒)
∗ 100/ 𝑃𝑟𝑖𝑚𝑒𝑟𝑠 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦^ (𝐶𝑇 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
− 𝐶𝑇 𝐼𝑁𝑃𝑈𝑇 𝑠𝑎𝑚𝑝𝑙𝑒) ∗ 100
𝑹𝑻 − 𝒒𝑷𝑪𝑹: 𝑃𝑟𝑖𝑚𝑒𝑟𝑠 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦^ (𝐶𝑇 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐶𝑇 𝑠𝑎𝑚𝑝𝑙𝑒)
∗ 100
Primer efficiency was determined for each protein and primer pair, at least
80 % primer efficiency was required to be used for each qPCR being
calculated with the formula: (10-(1/slope obtained for each PCR reaction)).
Each calculation was normalized using different reference genes: SCR1 for
GAL1 expression and for the ChIP an intergenic region from the
chromosome V (ChrV: 9754-9837).
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Nucleic acids separation by electrophoresis
Separation of DNA fragments was carried out in agarose gels of varying
concentration (0.8 % - 2 % (m/v)) according to the sizes of the DNA
fragments. Gels were prepared in 1X TAE buffer (40 mM Tris-acetate, 1
mM EDTA pH 8.0 ), which was also used as electrophoresis buffer. The gels
were prepared by adding 3 µl of ethidium bromide 10 mg/ml per 50 ml of
gel. The samples were mixed with loading buffer 6X (bromophenol blue
0.25 % (m/v) , Blue xylene cyanol 0.25 % (m/v) 30 % glycerol (v/v) ) to a
final concentration 1X and electrophoresis was performed at the constant
voltage (6-10 V/cm) for a variable time depending on the required
resolution .
Protein extracts for Western blot
To obtain protein extracts, two different protocols were used depending
on the studied protein. In the case of protein extract with sodium
hydroxide (NaOH), cell cultures were grown in YP+Glucose, centrifuged
(3 minutes at 2.500 rpm) and washed with cold sterile distilled water. The
cells were resuspended in 1.000 ml of water and 150 µl of 0.2 M NaOH
were left for 10 minutes on ice and centrifuged for 1 minute at
13.200 rpm. The supernatant was aspirated and the pellet was
resuspended in 50 µl of loading buffer proteins SDS-PAGE 2X (250 mm
Tris-HCl pH 6.8, 140 mM SDS, 30 mM bromophenol blue, 27 mM glycerol)
containing 0.1 mM DTT and samples were incubated at 95 °C for 5
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minutes. Cells were centrifuged for 10 minutes at 13.200 rpm and the
supernatant, which is the protein extract, was transferred to a new tube.
Protein extracts by trichloroacetic acid (TCA) were obtained by the
following procedure: cell cultures were centrifuged for 3 minutes at 2.500
rpm and washed with cold sterile distilled water. The cell pellet was
resuspended in 100 µl of cold deionized water, 20 µl 100 % TCA and 100 µl
of glass beads. The mixture was vortexed for 15 minutes at 4 °C. Later,
1 ml of cold 5 % TCA (v/v) was added to the lysate and centrifuged for 20
minutes at 13.200 rpm at 4 °C. The supernatant was discarded along with
the glass beads and the pellet was resuspended in 50 µl of loading buffer
proteins SDS-PAGE 2X containing 4 % β-mercaptoethanol and 20 µl of Tris
base 2 M to neutralize the pH. Samples were centrifuged for 5 minutes at
13.200 rpm to remove cell debris and beads. The extract was incubated for
5 minutes at 95 °C before being separated by electrophoresis in a
polyacrylamide gel.
Protein separation by electrophoresis
Protein extracts were separated according to their size by electrophoresis
in denaturing polyacrylamide gels which were prepared following the
specifications detailed in Sambrook and Russell {Citation}Electrophoresis
was developed in cuvettes Mini Protean II and III (BioRad) at 120 V
constant voltages and the required time to separate the desired protein.
The electrophoresis buffer was prepared with 25 mM Tris-base, 190 mM
de glycine and SDS 0.01 % (m/v).
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Denaturing gradient polyacrylamide gels 4-12 % NUPAGE Bis-Tris Gel™,
were purchased from Invitrogen using the commercial buffer, MOPS (3-(Nmorpholino) propanesulfonic acid).
Protein transfer and immunodetection
The separated proteins were transferred electrophoretically into a
nitrocellulose membranes 0.45 µm (Hybond-ECL Amersham Biosciences)
with a mini trans-blot cell Biorad following the procedure described in
Sambrook and Russell (Sambrook & Russell, 2001). The transference buffer
contained 25 mM Tris pH 8.3, 192 mM glycine, 0.1 % SDS (m/v) and 20 %
methanol (v/v). Protein transference was conducted for 1 hour and 100 V,
in case of histones, a 100 V voltage and 15 minutes followed by 30 minutes
at 60 V was applied.
The transferred proteins were stained with Ponceau solution at 1 % (m/v)
in 1 % acetic acid (v/v) for 3 minutes, washing the membrane with distilled
water. The membrane was blocked with TBS (0.02 M Tris-HCl pH 7.6, 0.8 %
NaCl (m/v)) and 0.01 % Tween-20 (v/v)) which was supplemented with
2 % blocking agent (m/v) of (ECL-Advance, GE Healthcare) for 40 minutes
at room temperature. The primary antibody was diluted in TBS-Tween
blocking agent with 2 % (m/v) and the membrane was incubated in this
solution for one hour at room temperature or overnight at 4 °C depending
on the antibody specifications. The membrane was washed three times for
15 minutes with TBS-Tween. The secondary antibody was also prepared in
TBS-Tween blocking agent with 2 % (m/v) and the membrane was
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incubated for 1 hour at 4 °C. The membrane was washed three times for
15 minutes with TBS-Tween and chemiluminescent detection was
performed

using

ECL

Advance

(GE

Healthcare)

following

the

manufacturer's instructions.
Protein Purification: The TAP technique
Tandem Affinity Purification (TAP) technique allows the purification under
native conditions of protein complexes (Puig et al., 2001). The TAP method
requires fusion of the TAP tag, either N- or C-terminal to the protein of
interest. The TAP tag consists on a protein A (PA), which binds tightly to
IgG followed by tobacco etch virus protease (TEV) cleavage site and finally
by a calmodulin binding peptide (CBP) (Figure 11). These experiments
followed the previously described protocol with some modifications (Puig
et al., 2001; Schmitt et al., 1999).
2 liters of cells in YP+Glucose were grown until an OD600 2.5 was reached.
This absorbance corresponds to approximately 12-15 grams of cell pellet.
Cell culture was centrifuged for 3 min at 3.500 rpm and was immediately
frozen with liquid nitrogen. Cells were resuspended in 25 ml lysis buffer
(10 mM Tris-HCl pH 8.0, 150 mM NaCl, 20 % glycerol (v/v), Nonidet P-40 at
0.1 % (v/v), 1 mM PMSF, 1 mM DTT and Complete protease cocktail
inhibitor (Roche)) and 25 ml glass beads which were broken in a
BeadBeater (Fritsch-Pulverisette) at 4 °C under 3 rounds of 4 minutes at
490 rpm with a 1 minute pause between the rounds. Lysate was
centrifuged for 1 hour at 4 °C at 14.000 rpm and the supernatant was
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incubated with 400 µl of IgG-Sepharose 6 Fast Flow™ (Amersham
Biosciences) for 1 hour at 4 °C in a turning wheel. The IgG- Sepharose
beads were washed with 10 ml LB 1X buffer (10 mM Tris-HCl pH 8.0, 150
mM NaCl, 20 % glycerol (v/v) and Nonidet P-40 0.1 % (v/v)). Later, beads
were incubated with 3-4 μg TEV protease during 2 hours at 16 °C in a
turning wheel. This digestion allows the cleavage of the TEV protease site,
thus releasing the calmodulin epitope and obtaining the TEV eluate from
the protein of interest. Finally, the TEV eluate was purified using 400 µl of
the Calmodulin Affinity Resin (Stratagene) with 4mM CaCl2 and incubated
for 1 hour at 4 °C in a turning wheel. Following the incubation, the resin
was washed with 5 ml of the LB buffer supplemented with 2 mM CaCl 2 and
1 mM DTT. The final elution was conducted by incubating the resin with
350 µl elution buffer (5 mM EGTA, 10 mM Tris-HCl pH 8.0 and 50 mM
NaCl) for 10 min at 37 °C. This step was performed 3 times. The eluate was
precipitated with TCA in a 10 % final concentration (v/v). The eluate was
resolved by SDS-PAGE. In some cases, following TCA precipitation, the
protein pellet was analysed by mass spectrometry LC-MS/MS (Liquid
chromatography tandem-mass spectrometry).
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Figure 11. TAP purification schematic procedure

Protein identification by mass spectrometry
Protein identification by mass spectrometry was performed by LC-MS/MS
by the mass spectrometry service (Servei Central de Suport a la
Investigació (SCSIE)) at the University of Valencia (UV) following the
standards of Proteored Spain (www.proteored.org) and the SCSIE at UV
(www.scsie.uv.es)
Colloidal coomassie blue staining
Protein staining was performed with Colloidal Coomassie blue powder by
immersing the gel in solution dye for at least 30 minutes, and then several
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washings with destaining solution (30 % methanol (v/v), acid acetic 5 %
(v/v)) to remove dye excess.
Total histone extraction
Cell cultures were harvested by centrifugation for 3 minutes at 3.000 rpm
and washed with cold sterile water. Cell pellet was resuspended in 10 ml
of 20 % TCA, centrifuged at 3.000 rpm for 3 minutes and cells were frozen
in liquid nitrogen. After thawing the pellet, it was resuspended in 0.5 ml of
20 % TCA and 200 µl of glass beads were added for cell breakage. The
mixture was vortexed applying 5 cycles of 1 minute on 1 minute off at 4 °C.
The lysate was collected in a new tube and glass beads were washed twice
with 0.2 ml 5 % TCA which was added to the previous lysate. The lysate
was later centrifuged for 10 minutes at 3.000 rpm and the resulting pellet
was resuspended in 0.2 ml of Laemmli buffer (0.06 M Tris pH 6.8; 10 %
SDS; 0.0025 % blue bromophenol) with 5 % beta- mercaptoethanol and 50
µl of 2 M Tris-Base. Cell pellet was boiled for 3 minutes at 95 °C and
centrifuged for 10 minutes at 3.000 rpm. The supernatant was transferred
to a new tube and store until use.
Protein Immunoprecipitation (IP)
For protein immunoprecipitation, 50 ml yeast cultures grown in
YP+Glucose were collected at 0.5 OD600. Cells were washed once with
10 ml LB 1X buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 20 % glycerol
(v/v) and Nonidet P-40 0.1 % (v/v) and resuspended in 200 µl lysis buffer
(LB 1X, 0.5 mM DTT, 1 mM PMSF and 1X Complete protease cocktail
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inhibitor (Roche)). Cell breakage was performed by vortexing at 4 °C by
applying 4 rounds of 1 min on 1 min off with the addition of 200 µl glass
beads to the resuspended cells. Following centrifugation of the broken
cells, 30 µl of the extract was reserved (Input) and 30 µl of protein buffer
4X was added. The rest of the volume was incubated with beads
(Dynabeads, Invitrogen) for 2 hours at 4 °C in a turning wheel. In this case,
beads were not previously coated with an antibody since proteins were
tagged with the TAP-tag which includes a protein A region that recognizes
the IgG from the Dynabeads. The immunoprecipated samples (IP) were
washed 3 times for 10 minutes with LB 1X and 0.5 mM DTT. To elute the
samples, two rounds of 25 µl of loading buffer 4X were added to the beads
and incubated for 3 min at 95 °C, supernatant was removed with the use
of a magnetic strip and passed into a new tube and stored until use.
Chromatin Immunoprecipitation (ChIP)
Chromatin immunoprecipitation was performed by using 50 ml of
0.5 OD600 yeast cultures grown in YP+Glucose or YP+Rafinose in case the
desired gene was GAL1 which required a 2 % galactose or glucose
induction for 25 minutes. Cultures were cross-linked for 20 minutes at
room temperature with 1 % formaldehyde final concentration (Sigma)
under continuous shaking at 140 rpm. Cells were later quenched with
125 mM glycine. Subsequently, cells were collected by centrifugation and
washed 3 times with 25 ml cold Tris-saline buffer (150 mM NaCl, 20 mM
Tris-HCl, pH 7.5). Cells were broken for 15 min at 4 °C by adding 300 µl of
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lysis buffer (50 mM HEPES-KOH at pH 7.5, 140 mM NaCl, 1 mM EDTA, 10 %
glycerol, 0.5 % NP-40, 1 mM PMSF and proteases inhibitors) and 200 µl
glass beads. Cells extracts were sonicated in a Bioruptor sonicator
(Diagenode) for 30 minutes in 30 seconds on and 30 sec off cycles and
centrifuged for 15 minutes at 12.000 rpm. 10 µl of chromatin extract were
saved

as

the

Input. The

rest

of

the

lysate

was

used

for

immunoprecipitation with magnetic beads (Dynabeads, Invitrogen) for 2
hours at 4 °C in a turning wheel allowing the binding of the protein A from
the TAP tag to the beads. Beads were later washed with the following
buffers; twice with lysis buffer, twice with lysis buffer supplemented with
360 mM NaCl, twice with wash buffer (10 mM TRIS-HCl, pH 8.0, 250 mM
LiCl, 0.5 % NP-40, 125 mM Nadeoxycholol, and 1 mM EDTA) and once with
TE. For samples elution, 50 µl of elution buffer (50 mM TRIS-HCl, pH 8, 10
mM EDTA, 1 % SDS) were added to the beads for 10 min at 65 °C. This step
was repeated twice. Input and immunoprecipitations (IP) samples were
incubated overnight at 65 °C to reverse the crosslinking. 100 μg/250 µl
Proteinase K (Ambion) was added to the IP and Input for 1.5 hours at
45 °C. DNA was extracted using the DNA purification Kit (Zymoresearch)
following the manufacturer’s instructions. DNA was used for the qPCR
reaction by using the desired primers. In all cases, at least three biological
replicates were performed to obtain the standard deviation.
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Metabolite extraction and analysis
The metabolic profile of yeast cells was determined as previously
described (Palomino-Schätzlein et al., 2013) following the subsequent
procedure:
Yeast cultures
sgf73Δ cells expressing human ATXN7 containing the 10Q or the 113Q
repetitions were grown in SC-LEU agar plate at 30 °C until yeast colonies
were observed. One colony of each condition (10Q or 113Q) was
inoculated in 10 ml SC-LEU and incubated at 30 °C in continuous shaking
until an OD600 0.4-0.5 was reached.
Cell collection
Cells were collected by centrifuging 10 ml culture at 2.000 rpm during
1 minute. Cell pellet was washed first with 1 ml phosphate buffer
(Na2HPO4 100 mM, pH 7.4) and twice with 0.5 ml of the same buffer. Cells
were quenched with 160 µl methanol at -20 °C. The resulting pellet was
frozen in liquid nitrogen and stored at -80 °C. At least 3 different replicates
were used for both conditions.
Metabolite extraction
For metabolites extraction, 80 µl of chloroform at 4 °C were added to the
cell pellet and resuspended for 5 minutes in ice. To break the cells, cells
were introduced in liquid nitrogen during 1 minute and subsequently left
on ice for 2 minutes, this step was repeated 2 more times. Subsequently,
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125 µl of MilliQ water and 125 µl of chloroform were added to each
sample following vortex until a homogenous emulsion was observed.
Samples were later centrifuged for 15 minutes at 13.000 rpm for phase
separation. At this point, the upper part which corresponds to the
aqueous phase was collected with a pipette and passed into a new tube,
while the remaining chloroform and methanol in the lower phase
(lipophilic phase) was collected and passed into a new tube. A new round
of centrifugation of 13.000 rpm during 2 minutes was applied to each
collected phase to check the lack of mixed phases. The aqueous phase was
frozen into liquid nitrogen and introduced in a lyophilizer to eliminate the
remaining water and methanol. Finally, samples were introduced in liquid
nitrogen and preserved at -80 °C until its use.
NMR sample preparation
Cell extracts were defrosted at 4 °C on ice before NMR acquisition. For the
aqueous phase, 0.55 ml of phosphate buffer (Na2HPO4 100 mM, pH 7.4) in
D2O with 0.2 mM TSP was added to the samples and passed into an NMR
tube. Following the measurement, samples were stored at -20 °C.
NMR spectroscopy
NMR spectroscopy and spectra processing and metabolite quantification
was performed by the NMR facility of the Centro de Investigación Príncipe
Felipe (CIPF). NMR spectra were recorded at 27 °C on a Bruker AVI-600
using a 5 mm TCI cryoprobe and processed using Topspin3.2 software
(Bruker Biospin). 1H 1D noesy NMR spectra were acquired with 128 free
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induction decays (FIDs). 64k data points were digitalized over a spectral
width of 30 ppm. A 4s relaxation delay was incorporated between FIDs and
water presaturation was applied. The FID values were multiplied by an
exponential function with a 0.5 Hz line broadening factor.
Metabolite quantification and statistical analysis
Signals in the

1

HNMR spectra were assigned to the corresponding

metabolites with the help of spectral databases HMBD (Human
Metabolome Database) and BMRB (the Biological Magnetic Resonance
Bank) and previous results. Spectra were normalized to total intensity to
minimize the differences in concentration and experimental error during
the extraction process. Optimal integration regions were defined for each
metabolite, an attempt being made to select the signals without
overlapping. Integration was performed with MestreNova 8.1.
Principal component analysis (PCA) and projection on latent structurediscriminant analysis (PLS-DA) analysis was performed with SIMCA-P 13.0
(Umetrics, Sweden). For this analysis, the metabolite tables generated
from spectra integration were univariate scaled (each value being divided
by the standard deviation of each variable) and mean centered for an
easier interpretation of the data and to take the variation of small signals
into account. Univariate analysis and box plots were performed with
unscaled, normalized concentration data in Excel.
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Microscopic techniques
In vivo protein localization
Visualization of GFP-tagged proteins was performed directly in living cells
grown in SC medium at OD600 0.3-0.5. The cells were washed with PBS 1X
(13.7 mM NaCl, 0.27 mM KCl, 0.43 mM de Na2HPO4 and 0.14 mM KH2PO4)
and incubated in ice with 1 ml methanol for 10 minutes for its fixation.
Cells were centrifuged for 3 minutes at 2.000 rpm and resuspended in 1X
PBS. Living cells tagged with GFP were visualized using Leica TCS SP2 AOBS
confocal microscope with the support of the confocal microscopy service
at the Centro de Investigación Príncipe Felipe.
In Situ Hybridization (FISH)
Fluorescence in situ hybridization against poly (A)+ RNA was done by
growing yeast cells in 100 ml of YP+Glucose medium overnight at 30 °C to
an 0.5 OD600 and shifted to 39 °C for 2 hours the following day.
Subsequently, cells were fixed by adding 10 % formaldehyde and
incubated for 60 min at room temperature. The fixative formaldehyde was
removed by two rounds of centrifugation and washed with 0.1 M
potassium phosphate (pH 6.4). Cells were resuspended in ice-cold washing
buffer (1.2 M sorbitol and 0.1 M potassium phosphate, pH 6.4) digested
with 0.5 mg/ml of Zymolyase 100T and applied on poly-l-lysine-coated
slide wells. Cells not adhered to the slides were removed by aspiration.
Cells were rehydrated with 2X SSC (0.15 M NaCl and 0.015 M sodium
citrate) and were hybridized overnight at 37 °C in 20 µl of prehybridization
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buffer with 0.8 pmol of Cy3-end-labeled oligo (dT) in a humid chamber.
Following the hybridization, slides were washed with 2X SSC at room
temperature for 5 minutes and 1X SSC, air-dried and mounted using 3.5
µl/well VECTASHIELD® Mounting Medium with DAPI. Detection Cy3-oligo
(dT) was performed using Leica TCS SP2 AOBS confocal microscope with
the support of the confocal microscopy service at the CIPF.
Image analysis
Bands obtained by Western Blot were analysed with the Image J program
(Health National Institute (NIH), USA, http://imagej.nih.gov/ij/).
Genomic Run-On (GRO) and measurement of mRNA levels
The genomic run-on (GRO) protocol allows the genome-wide analysis of
yeast nascent transcription which was performed following the
experimental procedures (García-Martínez et al., 2004). This method
combines in vivo labelled RNA and nylon macroarrays to calculate TR
(Transcription Rate) for all yeast genes.
To perform the experiment, cells were grown overnight at 30 °C in
YP+Glucose medium at 120 rpm up to an exponential phase (OD 600=0.5).
Cells were measured with the use of a counter Coulter (Beckman Coulter)
to estimate the number of cells in each of the samples with different
cellular volumes. Cells were collected into two aliquots; the first aliquot
was obtained for the GRO experiment to measure TR and the second for
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RNA isolation followed by cDNA synthesis to obtain the mRNA amount
(RA) (Figure 12).

Figure 12. Experimental design of the genomic run-on protocol to determine Transcription rate (TR)
and mRNA amount (RA). Cells were grown and collected into two different aliquots to obtain the TR
and RA data. The first aliquot was used for the run-on analysis after normalization with the in vitro
transcripts; the values obtained are proportional to the RNA pol II density on the probe region for
each gene. The second aliquot was used to obtain the RNA and subsequently the labelled cDNA by
RT, thus obtaining the mRNA amount (RA). The same membrane is used for both the GRO and
mRNA samples after stripping. mRNA stability data is obtained by the division of RA by TR.

To obtain the transcription rate (TR), the experiment was divided into the
following phases:
1. in vivo transcription
Cells were collected, washed with cold sterile water and resuspended in
120 µl cold sterile water. To permeabilize the cells, 20 ml of 0.5 % N-lauryl
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sarcosine sodium sulfate (sarkosyl) were added to the cells and incubated
for 20 minutes on ice. Cells were centrifuged for 2 minutes at 4.000 rpm
and 1 ml sarkosyl was added to the pellet and transferred into 1.5 ml
tubes. After spinning down the cells, in vivo transcription was performed
by adding 162 µl of the transcription MIX; 120 µl of 2.5X transcription
buffer (50 mM Tris-HCl [pH 7.7], 500 mM KCl, 80 mM MgCl), 16 µl of AGC
mix (10 mM each of CTP, ATP, and GTP), 6 µl of DTT (0.1 M) and 20 µl of
[α-33P] rUTP (10 µCi/µl). The final volume was adjusted to 300 µl with
distilled water and the mix was incubated for 5 minutes at 30 °C to allow
transcription elongation. To stop the reaction, 1 ml of cold water was
added and cells were centrifuged for 1 minute at 6.000 rpm (the upper
part contains the non-incorporated radioactivity).
2. In vitro transcription
In order to obtain the in vitro transcripts for the GRO experiment, we
adapted the protocol described in the literature (Huang and Yu, 2013). The
main purpose of this step is to obtain in vitro-synthesized RNAs labeled
with P33 with the use of DNA-dependent phage T7 RNA polymerases. We
generated three different types of RNA transcripts using control probes
from Bacillus (pGIBs-Thr, pGIBs-Phe, pGIBs-Lys). Each mix contained (in a
total volume of 20 µl): 10X Transcription buffer (2 µl); 10 mM ACG mix
(1 µl); 0.1 mM UTP (7.4 µl); UTP [alpha-33P] (1 µl); RNase OUT (1 µl); T7
RNA polymerase (1 µl); DNA pGIBs (1 µg). Incubate each mix at 37 °C
during 2 hours at 500 rpm. Add to each mix 2.5 V of 96 % EtOH and store it
at - 20 °C for 2 hours. Centrifuge the samples at 12.000 rpm during
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12 minutes and remove the supernatant. Dry the pellet at 30 °C during 12
minutes and resuspend the pellet in a final volume of 30 µl. An aliquot was
used for specific radioactivity in a scintillation counter to determine the
dpm (desintegrations per minute) of each single mix (pGIBs-Thr, pGIBsPhe, pGIBs-Lys). Subsequently, a proportional unique mix containing the 3
TIVs (in vitro transcripts) will be used to obtain the transcription rate. GRO
experiments were normalized taking into account the in vitro transcripts
signals.
3. RNA isolation
Total RNA extraction was obtained by resuspending the cells in 500 µl LETS
buffer (0.1 M LiCl, 10 mM EDTA, 0.2 % SDS, 10 mM Tris-HCl [pH 7.4]), 200
µl glass beads and 500 µl acid phenol: chloroform (5:1) and 3 µl of the in
vitro transcripts. Cells breakage was performed using the Fast-Prep
(Bio101, Inc.) device. Cells were centrifuged for 5 minutes at 12.000 rpm
and contaminants were removed by adding chloroform:isoamilic alcohol
(24:1). Supernatant was transferred into a new 2 ml tube and RNA was
precipitated by adding 50 µl AcNa 3M pH 5.5 and 1 ml cold ethanol 96 %
overnight at - 20 °C. After centrifugation at 13.000 rpm for 5 minutes,
labeled RNA was washed with cold ethanol 70 % and dried. Samples were
resuspended in 300 µl of cold sterile water and total labeled RNA was
spectrophotometrically quantified. An aliquot was used to measure
radioactivity (dpm) in a scintillation counter and all the in vivo labeled RNA
was used for hybridization (0.35-3.5 x 107 dpm).
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4. Membranes Hybridization
Hybridization was performed using nylon filters which were made using
PCR-amplification whole ORF sequences as probes done at University of
Valencia (Biochemistry and Molecular Biology Department). Nylon filters
were previously pre-hybridized for 1 hour at 65 °C in hybridization buffer
(Phosphate buffer 0.5 M pH 7.2 , 1 mM EDTA, 7 % SDS) and hybridizations
were performed using 3 ml of the mentioned solution containing labeled
RNA and incubated for 48 hours at 65 °C in a turning wheel. Subsequently,
membranes were washed once with 1X SSC and 0.1 % SDS during 10
minutes and twice with 0.5 % SSC and 0.1 % SDS at 65 °C.
Filters were exposed for 1-2 days depending on the signal intensity
measured with a Geiger counter to an imaging plate (BAS-MP, FujiFilm)
read at 50 µm resolution in a Phosphorimager scanner (FLA-3000,
FujiFilm).
For the measurement of mRNA levels, the second aliquot taken from the
cell culture (20 ml) was kept frozen at -20 °C. Samples were thawed on ice
and RNA was isolated following the same procedure conducted for the
GRO with minor changes; after the samples were dried with the use of the
speed-vac (Thermo Scientific), samples were resuspended in 100 µl sterile
water and were dissolved for 1 hour at 30 °C with continuous shaking. RNA
was purified using the RNeasy KIT (Qiagen) following the manufacturer’s
instructions.
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To obtain labeled cDNA, about 100 µg of RNA were reverse transcribed by
the addition of two different mixes. First, 14 µl of the mix; 100 µg of RNA,
1 µl Oligo dT (T15VN) at 500 ng/µl, 1 µl RNase OUT and sterile water up to
14 µl. Second, 16 µl of the mix; 6 µl of 5X Buffer Maxima RT (Thermo
Scientific), 3 µl 0.1 M DTT, 1.5 µl dNTPs (16 mM of A,G,T/0.1 mM of C), 4 µl
33

P-dCTP and 1 µl Maxima RT (Thermo Scientific). A total volume of 30 µl

containing the RNA was incubated at 50 °C during 2 hours with continuous
shaking at 650 rpm. The reaction was stopped adding 1 µl 0.5M EDTA pH
8.0. The labeled cDNA was purified by a S300-HR Ilustra Microspin column
(GE). An aliquot was used for specific radioactivity in a scintillation
counter. Membranes hybridization was done in the same conditions as
described for the transcription rate, although, labeled cDNA was at 3.5 x
106 dpm. Filters were exposed for 7 and 16 hours.
A dot-blot procedure was used to estimate the proportion of poly (A) +
mRNA in the total RNA and used this datum to normalize the different
hybridizations of cDNAs. Three different dilutions of total RNA extracted
(250, 125 and 63 ng/µl) of the three repeated experiments were spotted
by the use of a BioGrid robot (Biorobotics) on a nylon filter. The filter was
hybridized with 1 µl of 5´-labeled poly (dT) 10 µM, 2 µl of polynucleotide
kinase (PNK, 10 U/µl) (Roche), 2 µl of 10X PNK (Kinase) buffer (Roche), 2 µl
of [γ-32P] ATP (3000 Ci/mmol, 10 µCi/µl) and sterile water up to 20 µl final
volume. The filter was incubated for 1 hour at 37 °C and the enzyme was
inactivated at 70 °C during 10 minutes. Nylon filters were previously prehybridized for 1 hour at 42 °C in hybridization buffer (Phosphate buffer
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0.5M pH 7.2, 1mM EDTA, 7 % SDS) in a turning wheel and hybridizations
were performed using 5 ml of the mentioned solution containing labeled
RNA and incubated for 24 hours at 42 °C. Subsequently, membranes were
washed as described above and exposed for 3 hours to an imaging plate.
The acquisition of the images was performed using a Phosphoroimager
FLA 3000 (Fujifilm) and its quantification was performed using the
ArrayVision (Imaging Research) program. The intensity of the quantified
signal was used as the amount of polyadenylated RNA of each sample
divided by the total RNA value of each well. The proportion (mRNA / total
RNA) obtained was multiplied by the value of (total RNA/cell volume)
determined from extractions of total RNA and cell volume determinations
(Coulter), thus determining the [mRNA]. The cell volume corresponds to
the number of cells per ml multiplied by the volume of each cell.
Both GRO and cDNA belonging to the same sample were hybridized
against the same nylon filter after blocking the filters with a boiling
stripping reaction (SDS 0.1 %, Sodium phosphate 5 mM pH 7.0) during 10
minutes. For the 3 experiments, 3 different nylon filters were used. To
quantify the samples, Arrayvision 7.0 (Imaging Research, Inc.) was used,
considering the sARM density as signal.
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Human Cells Lines 293T (HEK293T)
HEK293T Grow conditions
Human Embryonic Kidney 293 T (HEK293T) cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) supplemented
with 1 % penicillin/streptomycin (PEST, Invitrogen) and 10 % fetal bovine
serum (FBS, Invitrogen) and incubated at 37 °C with 5 % CO2. HEK293T
cells were co-transfected with each desired DNA plasmid constructs using
Lipofectamine-2000

(Invitrogen)

according

to

the

manufacturer’s

instructions. All plasmids were a kind gift from Dr. La Spada laboratory.
Cells were incubated for 24-48 hours post-transfection and washed with
PBS 7.4 pH for later use.
In vitro DUB assay using HEK293T cells
HEK293T cells were co-transfected with 8 µg of each desired DNA plasmid
constructs (USP22-FLAG, ENY2-HA-FLAG, ATXN7L3-HIS and MYC-ATXN710Q or MYC-ATXN7-92Q). Cells were collected using 1 ml PBS and
centrifuged for 3 minutes at 2.500 rpm at 4 °C. To obtain the cell lysate,
300 µl of RIPA buffer (Milipore) supplemented with protease cocktail
inhibitor (Roche) was added to the cell pellet and the supernatant was
collected after centrifugation at 14.000 rpm for 15 minutes at 4 °C.
For the Co-immunoprecipitation (Co-IP), a 1:1 mixture of protein A and
protein G beads (10 µl of each) (Invitrogen) were added to the cell lysate
and incubated for 1 hour at 4 °C under rotation. 20 µl of Flag-conjugated
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bead slurry (Invitrogen) was added to the cell lysate and incubated for
2 hours at room temperature under rotation. Subsequently, the
supernatant was removed with the use of a magnetic strip and beads were
washed 3 times with TBS 7.6 pH. 12 µl of TBS was added to the beads
followed by 8 µl of Flag peptide (5 µg/µl) (Invitrogen) and incubated it for
1 hour at 4 °C. Later, supernatant was removed and collected for later use.
For the in vitro deubiquitination assay (DUB assay), histones were
prepared from HEK293T cells using the Histone extraction kit (Abcam)
according to manufacturer´s instructions. Histones were quantified with
Bradford assay (Biorad) and 1 µg of histone extracts were incubated with
DUBm immunopurified complexes as described above for 2 hours at 37 °C.
As a negative control, histone H2B was incubated solely in DUB buffer (100
mM Tris–HCl at pH 8.0, 1 mM EDTA, 1 mM DTT, 5 % glycerol, 1 mM PMSF
and 1 % protease inhibitor). The reactions were stopped by the addition of
TCA (10 % final concentration) and incubated overnight at 4 °C. Reactions
were centrifuged for 45 minutes at 13.000 rpm and washed with 1 ml
acetone. Cell pellets were resuspended in SDS 2X sample buffer and the
reactions were analysed by Western blot using specific antibodies. Signal
intensities of target bands were quantified by Image lab software (BioRad).
Column Fractionation and Analysis
Chromatography was carried out at 4 °C using an anion exchange MonoQ
HR5/5 column 50 mm x 5 mm (Amersham Biosciences) equilibrated in
buffer (50 mM Tris, pH 8, 50 mM NaCl) connected to a fast protein liquid
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chromatography (FPLC) system LCC-500 FPLC (Amersham Biosciences)
system following the indications as previously described (Lam et al.,
2006).
HEK293T cells were co-transfected with 24 µg of each of the desired
plasmids expressing both ENY2-FLAG-HA and MYC-ATXN7-10Q or MYCATXN7-92Q in 10 cm plates. Cells were collected using 1 ml PBS and
centrifuged for 3 minutes at 2.500 rpm at 4 °C. 700 µl of each transfection
were loaded for FPLC. Gel Filtration was performed with a Superose 6
10/300 GL column (Amersham Pharmacia) equilibrated in buffer (50 mM
Tris, pH 8, 20 mM NaCl) at a flow rate of 0.5 ml/min. Fractions were
collected every 0.5 ml and elution volumes of gel-filtration standards were
12.4 ml for Thyroglobulin (669 kDa), 15.8 ml for ADH (150 kDa) and 19.2
ml for cytochrome C (12.4 kDa). The column was washed with
approximately 13 column volumes of buffer (50 mM Tris, pH 8, 20 mM
NaCl) and bound proteins were eluted 20 ml linear NaCl salt gradient from
50 mM to 600 mM NaCl in 50 mM Tris, pH 8.0 at 1 ml/min. Fractions of
1 ml were collected, kept at 4 °C and prepared for SDS-PAGE Western blot.
Samples were later stored at -80 °C.
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Mice model
Mouse Cerebellum extraction and RNA isolation
Mice cerebellum extraction
Cerebellar tissue from mPrP-fxSCA7 92Q-BAC animals and wild-type
littermates was harvested at age 30 weeks (10 weeks post-symptomatic).
RNA isolation
For RNA isolation from mice cerebellum, 50-100 mg of tissue was
homogenized with 1 ml Trizol (Thermo Fisher) with the use of a 26 ½ gage
needle until no particular matter was visible and incubated for 5 minutes
at RT. 200 µl of chloroform were added to the samples, mixed vigorously
for 15 seconds and left at RT for 3 minutes. Samples were centrifuged 4 °C
for 15 minutes at 13.000 rpm. The clear aqueous layer was transferred
into a fresh tube.
For RNA precipitation, 500 µl of isopropanol, 1/10 AcNa 3M (pH 5.5) and 1
µl glycogen were added to the samples and left for 30 minutes at -20 °C.
Samples were centrifuged at 4 °C for 15 minutes and 13.000 rpm. After
removing the supernatant, the RNA pellet was washed with 1 ml 75 %
sterile ethanol, vortexed and centrifuged at 10.000 rpm for 15 minutes at
4 °C. Once the pellet was air-dried for 5-10 minutes at RT, pellet was
resuspended in 40 µl of sterile water and measurement of RNA
concentration was performed with the use of the spectrophotometer
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(Nanodrop). Subsequently, 12 µg RNA were used to remove DNA from
samples as follows; 3 µl DNase enzyme (Thermo Fisher), 10 µl 10X DNAse
reaction buffer (Thermo Fisher) and nuclease free water up to a 100 µl
final volume. The mixture was incubated in 37 °C water bath for 1 hour
and 20 µl DNAse inactivation reagent (Thermo Fisher) was added and
incubate at 37 °C for 5 minutes. Samples were centrifuged at 12.000 rpm
for 2 minutes and supernatant (containing the RNA) was transferred into a
new tube, measured with the nanodrop and stored at -80 °C for later use.
Real-time RT-PCR
Reverse transcription was performed on 1 µg of total cerebellar RNA using
Turbo DNA free kit (Thermo Fisher) and High capacity cDNA reverse
transcription Kit (Thermo Fisher) according to manufacturer instructions.
The cDNAs were subjected to real-time PCR using primers for mice
mitochondrial and ribosomal genes. To test the expression levels of the
desired genes, 10 µl of the following mixture was used for the PCR
amplification: 5 µl of Power SYBR green PCR master mix (Thermo Fisher),
3 µl of cDNA template (1/5 dilution), 0.35 µl of each forward and reverse
primers at 10 mM concentration (DTT technologies) and 1.20 µl sterile
water.

mRNA

levels

were

normalized
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During the development of this thesis, I have been involved in deciphering
new aspects related to the deubiquitinase module (DUBm) from SAGA
complex. My research was mainly involved in understanding the role of
this module and its participation in gene expression, more specifically in
transcription regulation. Focusing on this submodule, I have identified new
partners of the transcription machinery that also participate in the
regulation of gene expression in several aspects. Briefly, the main
objectives of this thesis are the following:
o Functional characterization of the novel factors Asf1 and Mog1
involved in the ubiquitination/deubiquitination of histone H2B.
o The study of the molecular mechanisms of DUBm related diseases;
Spinocerebellar Ataxia Type 7 (SCA7). To understand the principal
mechanisms of this disease and its link with the DUBm activity.
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Functional characterization of the novel factors Asf1 and Mog1
involved in the ubiquitination/deubiquitination of histone H2B
Sus1 is a component of both the transcriptional co-activator SAGA
complex and the nuclear pore-associated mRNA export complex (TREX-2)
(revised in the introduction) (Rodríguez-Navarro et al., 2004). So far, Sus1
has been described as a component that participates in processes
associated to the gene expression pathway such as activation of
transcription, elongation and mRNA export (Köhler et al., 2006; PascualGarcía et al., 2008). To find novel components of the histone H2B
ubiquitination/deubiquitination machinery in yeast, we followed both
biochemical and genetic approaches to find functional interactors of Sus1.
In this chapter, I will describe the characterization of Asf1 and Mog1, as
factors related to Sus1 that participate in the ubiquitination of histone
H2B.

1. Deciphering the role of Asf1 in transcription
Asf1 is dispensable for Sus1 recruitment to GAL1 gene, its induction and
mRNA export
We have recently identified that Sus1, together with a component of the
TREX-2 complex, Thp1, co-purifies with a histone chaperone named Asf1
(Pamblanco et al., 2014). During transcriptional activation, Asf1 associates
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with the GAL1/10 promoters and coding regions and it rapidly dissociates
from these regions upon transcriptional repression. It travels with
elongating RNA Pol II and it is necessary for RNA Pol II occupancy
(Schwabish and Struhl, 2006). In these terms, Sus1 is also necessary for the
correct expression of the GAL1 gene since it is recruited to the
GAL1/GAL10 promoter following transcriptional activation (Cabal et al.,
2006; Rodríguez-Navarro et al., 2004). Therefore, we aimed to investigate
the recruitment and expression of Sus1 in the absence of ASF1.
Chromatin Immunoprecipitations (ChIP) experiments were performed in a
strain expressing TAP-tagged Sus1 in wild-type (WT) and in the absence of
ASF1 (asf1Δ) to study the association of Sus1 to the GAL1 promoter and
ORF. For the GAL1 induction, cells were incubated for 25 minutes in the
presence of galactose. Our results reveal that Sus1-TAP recruitment to the
promoter and gene body (ORF) of GAL1 gene is not significantly affected in
asf1Δ strain compared to the WT. Consequently, we also observe a normal
GAL1 expression in asf1Δ cells after galactose induction. However, when
we compared Sus1-TAP recruitment to GAL1 between the promoter and
ORF, we observe a significant reduction in the association of Sus1-TAP to
the ORF. These results indicate that Asf1 is dispensable for Sus1-TAP
recruitment to GAL1 gene, however, it affects the ratio of Sus1-TAP
binding to GAL1 promoter vs. coding regions (Figure 13) (Pamblanco et al.,
2014).
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Figure 13. Asf1 is dispensable for Sus1 recruitment to GAL1. (A) Sus1-TAP recruitment to GAL1
promoter and ORF was studied in the WT and asf1Δ cells following galactose induction after 25
minutes (B) GAL1 induction in WT and asf1Δ cells was analysed after a 25 minute shift from 2 %
raffinose to 2 % galactose growing media. The relative GAL1 mRNA levels were determined by qPCR
and normalized to the SCR1 mRNA levels. Error bars represent SD for at least three independent
experiments. (C) The same results represented in (A) were plotted to compare Sus1-TAP
recruitment in GAL1 promoter and ORF for each strain. The occupancy level was calculated as the
signal ratio of the IP samples in relation to the input signal, minus the background of a no-antibody
control. Error bars represent SD for at least three independent experiments. Statistical analysis was
performed using the Student’s t test and presented as a P-value (p) (p <0.05 is considered as
statistically significant).

Previous studies in our lab have demonstrated that SUS1 interacts
genetically with ASF1, since double mutant bearing deletions of both
genes is correlated with growth impairment when compared with each
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single mutant (Pamblanco et al., 2014, Doctoral thesis Dra. García-Oliver,
2013). These interactions may be indicative of a functional link among
SUS1 and ASF1, for instance, Sus1 participates in the export of mRNA, as
its deletion leads to an accumulation of mRNAs in the nucleus (RodríguezNavarro et al., 2004). For this reason, we aimed to investigate whether
Asf1 could participate in this process similarly to Sus1. Therefore, an
analysis of the export of bulk poly (A)+ mRNA in cells lacking ASF1 was
performed using sus1Δ strain as positive control. Our results show (Figure
14) that Asf1 is not necessary for mRNA export under the conditions
tested in this study. As expected, SUS1 deletion leads to an accumulation
of mRNA in the nucleus (Pamblanco et al., 2014).

+

Figure 14 . FISH experiments in WT, sus1Δ and asf1Δ cells. Localization of poly (A) RNA at 39 °C in
YP+Glucose for 3 hours was performed using Cy3-labeled oligo (dT) probes.
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Absence of ASF1 reduces global levels of H2B ubiquitination and
counteracts the effects of SUS1 deletion
The monoubiquitination of histone H2B at Lys123 by the E2 ubiquitin
conjugase Rad6 and the Bre1 ubiquitin ligase (Robzyk et al., 2000; Wood et
al., 2003b) constitute one of the key steps in the control of gene
expression since it regulates many processes such as chromatin dynamics,
transcription initiation and elongation, silencing and DNA repair (Fuchs et
al., 2014; Weake and Workman, 2008).
As well as H2B is monoubiquitinated, the ubiquitin mark also needs to be
removed by the catalytic enzyme Ubp8 which is part of the DUBm. This
step is required for a functional transcriptional activation and elongation
(Daniel et al., 2004; Henry et al., 2003). Sus1 also participates in this
process as being part of the DUBm (Köhler et al., 2006). In these lines, we
investigated the role of Asf1 in H2Bub1 due to the physical and genetic
interaction with Sus1. As represented in Figure 15, Western blot analysis
from WT, asf1Δ, sus1Δasf1Δ, and sus1Δ strains indicate that deletion of
ASF1 leads to a significant reduction of H2Bub1 in both chromatin and total
whole cell extracts. In contrast, sus1Δ mutant shows enrichment in H2Bub1
levels. The reduction observed in the single mutant ASF1 is partially
suppressed by the deletion of SUS1 (double mutant sus1Δasf1Δ). These
results reveal that Asf1 is required for maintaining correct levels of H2Bub1
(Pamblanco et al., 2014).

135

Results and Discussion

CHAPTER 1

B

A

Normalized H2Bub1/PGK

C
2.5

2.0

1.5

***

1.0

0.5

0.0

WT

asf1

sus1asf1 sus1

Figure 15. Asf1 is required for ubiquitination of histone H2B. A) Chromatin extracts corresponding
1
to WT, asf1Δ, sus1Δasf1Δ, and sus1Δ strains. asf1Δ shows a decrease in H2Bub levels compared
1
with WT. On the contrary, sus1Δasf1Δ and sus1Δ mutants present an increase in H2Bub levels.
Ponceau S. staining of the membrane before blotting was used as loading control. B)
Representative blot of WT, asf1Δ, sus1Δasf1Δ, and sus1Δ whole cell extracts. In this case, PGK
1
abundance was used as loading control. C) Bar graphs indicates total H2Bub levels normalized to
PGK after quantification of WB signals. Error bars represent SD for at least three independent
experiments. Statistical difference is considered as (*P = 0.01–0.05; **P = 0.001–0.01; ***P <
0.001).

136

Results and Discussion

CHAPTER 1

2. Role of Mog1p in the control of gene expression
Sus1 interacts genetically with Mog1
Understanding the molecular basis of Sus1 function constitutes one of the
main interests in our laboratory. Sus1 participates in different steps during
gene expression as a component of the transcriptional co-activator SAGA
complex and the TREX-2 mRNA export complex (Köhler et al., 2006;
Pascual-García and Rodríguez-Navarro, 2009; Pascual-García et al., 2008;
Rodríguez-Navarro et al., 2004). Outside the nucleus, Sus1 has also been
shown to interact with cytoplasmic granules known as P-bodies (CuencaBono et al., 2010). Due to our interest in deciphering new mechanisms
that could link Sus1 with the coordination of different steps along gene
expression, we investigated the genetic network of Sus1 interactions. The
DRYGIN tool (database Repository of Yeast Genetic Interactions) provides
valuable information in the context of genetic interactions of yeast
mutants (http://drygin.ccbr.utoronto.ca). DRYGYN allows the identification
of quantitative genetic interactions both positive and negative of
S. cerevisiae double mutants. This information has been acquired by array
studies by the laboratory of Dr. Charles Boone (University of Toronto)
(Baryshnikova et al., 2010; Costanzo et al., 2010; Koh et al., 2010).
Searching DRYGIN database, we found out that the strongest genetic
interaction of SUS1 mutant is with MOG1 (SGA score -0.53), a protein that
so far has been described as a nuclear protein that interacts with Ran-GTP
stimulating the release of GTP from Ran, indicating that Mog1 confers
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directionality to nuclear import and export pathways (Baker et al., 2001;
Steggerda and Paschal, 2000) (please see the introduction section).
This result suggests that SUS1 and MOG1 may present a functional relation
which could implicate its contribution into similar biological processes.
Therefore, we started to explore several possibilities that could explain the
predicted genetic interaction. First, we used the web tool FuncAssociate
3.0 (http://llama.mshri.on.ca/funcassociate/) which from a set of genes or
proteins is able to identify the Gene Ontology (GO) attributes of the gene
set (Berriz et al., 2009). We used the set of genes genetically connected to
MOG1, given by the DRYGYN tool to determine the MOG1 “genetic
network” and their GO using FuncAssociate 3.0. Our search shows that
among the GO of genes genetically linked to MOG1, the components of
the DUBm (Sus1, Sgf73, Ubp8 and Sgf11) have the highest score (Table 2).
In addition, 6 genes related to mRNA export were also overrepresented
among all GOs. Thus, through investigating SUS1 genetic interactions, we
hypothesize that MOG1 could be linked to histone H2B deubiquitination
and mRNA export.
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FuncAssociate 3.0 : The Gene Set Functionator
N
4
5

X
4
6

P-value Gene Ontology ID
Gene Ontology Attribute
0.000001763
GO:0071819
DUBm complex
3,70E-04
GO:0016578
histone deubiquitination
positive regulation of phophatidylcholine
0.000008561
GO:2001247
biosynthetic process

4

5

6

10

4,23E-04

GO:0031990

8

16

2,90E-05

GO:0000973

5

10

0.00001377

GO:0033240

9

19

6,89E-06

GO:0000972

mRNA export from nucleus in response to
heat stress
posttranscriptional tethering of RNA
polymerase II gene DNA at nuclear
periphery
positive regulation of cellular amine
metabolic process
transcription-dependent tethering of RNA
polymerase II gene DNA at nucleus
periphery

Table 2. Representative image of Mog1 GO attributes by FuncAssociate web tool.

MOG1 interacts genetically with factors involved in histone H2B
ubi/deubiquitination
Our previous observations point out that MOG1 is genetically linked with
SUS1. In order to validate the possible genetic interaction between MOG1
and SUS1 suggested by the DRYGYN database, we created a double
mutant and analysed the growth effects of MOG1 deletion in cells lacking
SUS1. As shown in Figure 16, SUS1 and MOG1 interact genetically. As it
was mentioned above, not only SUS1, but also the rest of the DUBm
components Ubp8, Sgf11 and Sgf73 showed genetic interaction with
MOG1. We constructed double mutants bearing deletions for MOG1 and
the remaining three components from DUBm and monitored its effect in a
cell growth assay as for SUS1 deletion.
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-1

Figure 16. MOG1 interacts genetically with all factors of the SAGA DUBm. Cells were diluted in 10
steps, and equivalent amount of cells were spotted onto YP+Glu (YPD) and YP+Gal (YPGal) plates.
Cells were grown for 48 h at 30 °C and 37 °C.

Our results show that mog1Δ mutant does not present a growth defect
compared to WT cells in all conditions tested. In contrast, we observe
growth retardation in YP+glucose (YPD) medium when MOG1 deletion is
combined with UBP8 and SGF73. This effect is also evident at 37 °C for
SGF11 and SUS1. Notably, the phenotype is always stronger when cells are
grown in galactose-containing (YPGal) medium compared to single
mutants (Figure 16). The strongest phenotype is observed for the
combination in deletion of MOG1 and UBP8, the catalytic enzyme of the
DUBm, which places Mog1 in a key position in histone H2B
deubiquitination. Overall, these genetic data suggest that Mog1 could
participate in the process of histone H2B deubiquitination in yeast cells.
Past studies have shown that monoubiquitination of histone H2B (H2Bub1)
is a very dynamic process. The addition of an ubiquitin monomer to
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histone H2B by the ubiquitin ligases Rad6, Bre1 and Lge1 (Robzyk et al.,
2000; Song and Ahn, 2010; Wood et al., 2003b) plays important roles in
transcription initiation and elongation. Both the addition by Rad6 and the
removal of ubiquitin by Ubp8 enzyme from SAGA complex is essential for
the transcriptional process (Daniel et al., 2004; Henry et al., 2003).
Furthermore,

H2Bub1

is

required

for

histone

methylation

by

SET1C/COMPASS (Dover et al., 2002; Shilatifard, 2006; Sun and Allis, 2002)
which constitutes one of the histone modification cross-talks necessary for
the correct gene expression.
So, we decided to extend our genetic analysis with mog1 to factors
involved in H2B ubiquitination. We created double mutants with deletions
in MOG1 together with RAD6, BRE1 and LGE1 subunits. We tested the
genetic interaction by cell growth assay in YPD and YPGal plates at both
30 °C and 37 °C. Our analysis indicates that mog1Δ is epistatic to bre1Δ
and lge1Δ compared with each single mutant in both YPD and YPGal, as its
growth is slower in both conditions. On the contrary, the double mutant
rad6Δmog1Δ do not present a significant enhancement of the growth
defect when compared to the single rad6Δ (Figure 17). Interestingly, the
growth defect of the double mutants bre1Δmog1Δ and lge1Δmog1Δ is
comparable to that observed for single RAD6 deletion. Based on these
observations, we conclude that MOG1 interacts in a synergistically
dependent manner with BRE1 and LGE1 and might act at the same level
than RAD6. Collectively, our genetic studies demonstrate that Mog1 is
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the

epigenetic

process

of

histone

H2B

ubi/deubiquitination.

Figure 17. MOG1 interacts genetically with the RAD6-dependent ubiquitination machinery. Cells
-1
were diluted in 10 steps, and equivalent amount of cells were spotted onto YP+Glu (YPD) and
YP+Gal (YPGal) plates. Cells were grown for 48 hours at 30 °C and 37 °C.

Absence of MOG1 reduces global levels of H2Bub1 in vivo
The results presented so far demonstrate that MOG1 interacts genetically
with components from both H2B ubiquitinases and deubiquitinases. At
this point, we wondered whether H2Bub1 levels could be affected by the
absence of MOG1. To test this possibility, we obtained total extracts from
mog1Δ, ubp8Δ, ubp8Δmog1Δ and WT cells that were subjected to
Western blot analysis with the required antibodies. As shown in Figure 18,
deletion of MOG1 reduces significantly the levels of H2Bub1. As expected,
the absence of UBP8 strongly increases H2Bub1 levels. As a control, we
observed that unmodified H2B remains unaltered under the same
conditions. Interestingly, the double mutant ubp8Δmog1Δ still led to
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decreased levels of H2Bub1, suggesting that Mog1 could act in early steps
of monoubiquitination of H2B.
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Figure 18. Absence of MOG1 decreases H2Bub levels. A) Total extracts from WT, mog1Δ, ubp8Δ
1
and ubp8Δmog1Δ cells shows a decrease in H2Bub levels in cells lacking MOG1 as shown in the
1
anti-H2Bub Western blot (upper panel). As a control, immunoblot against total H2B indicates equal
levels of H2B (lower panel). B) Bar graphs representing WT, mog1Δ, ubp8Δ and ubp8Δmog1Δ total
1
extracts indicate H2Bub levels normalized to total H2B after quantification. At least three
independent experiments were performed for each case. Error bars represent SD and statistical
difference is considered as (*P value = 0.01–0.05; **P value = 0.001–0.01; ***P value < 0.001).
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Ubp8 preserves the association with its protein partners in mog1Δ cells
Deubiquitination of H2B is carried out by Ubp8 in the context of the SAGA
DUB module (Daniel et al., 2004; Henry et al., 2003). It has been shown
that all four DUBm subunits are required for activation of Ubp8 enzyme in
vitro (Samara et al., 2010). One way to explain the reduction in H2Bub1
levels upon MOG1 deletion could be caused by the dissociation of Ubp8
from its DUBm partners. To tackle this aspect, we tagged Ubp8 with the
TAP epitope in WT and mog1Δ cells and purified Ubp8 following the TAP
technique. Ubp8 co-purifying proteins were detected by coomassie blue
staining and the proteins were identified by LC-MS/MS. As a control, the
presence of Ubp8 protein was monitored along the entire process by
Western blot using α-TAP antibody (Figure 19, upper panel). Protein
visualization by coomassie blue staining did not show any remarkable
change in the band pattern between the WT and mutant strains (Figure
19, lower panel). Moreover, mass spectrometry analysis revealed that
Ubp8 interacts with all SAGA subunits in the absence of MOG1 suggesting
that loss of MOG1 does not affect Ubp8 association with the DUBm
subunits and the rest of the SAGA complex (Table 3).
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Figure 19. Analysis of Ubp8-TAP protein purifications in WT and in the absence of MOG1. Ubp8 was
TAP-tagged in a WT and in mog1Δ strains. Ubp8 presence was confirmed by Western blot against
anti-TAP antibody during the three steps of the purification: Lysate (before purification), TEV eluate
(following first purification) and Calmodulin eluate (second purification) (upper panel). Calmodulin
eluates from TAP purification were analysed in a polyacrylamide gradient gel (4-12%) and proteins
were stained with Coomassie blue staining. Bands indicating SAGA subunits are indicated by its
molecular weight following its mass spectrometry (lower panel).
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Ubp8-TAP mog1 Δ
Protein
SGF73
SUS1
SGF11
UBP8
TAF12
TAF10
TAF5
TAF6
TAF9
SGF29
ADA2
GCN5
SPT7
SPT20
ADA1
SPT3
TRA1

Cov (95%)
35
17
5
2
22
10
9
7
5
9
5
1
10
10
4
4
3

SAGA module
DUBm

TAFm

HATm

SPTm

Table 3. LC-MS/MS analysis of Ubp8-TAP mog1Δ purification. The table contains the name of the
proteins, corresponding to each protein and the number of peptide coverage (95 %) which reflects
the percentage of matching amino acids from identified peptides with a confidence greater or
equal to 95 % divided by the total number of amino acids in the sample.

Mog1 does not affect the localization of the DUB module and Ubp8
recruitment to actively transcribed genes
The DUBm as being part of the SAGA complex is preferentially localized in
the nucleus where it plays an important role during different stages of
transcription. Since Mog1 is a factor required for protein transport, it
could be possible that the differences observed in H2Bub1 levels in
absence of Mog1 are due to a defect in DUBm nucleocytoplasmic
transport. To exclude this possibility, Ubp8, Sus1 and Sgf11 were GFPtagged in a WT and mog1Δ strains to monitor the localization of these
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proteins in the absence of MOG1. Our data indicates that DUBm
components preserve their intranuclear localization in the absence of
MOG1 when compared to WT (Figure 20). Our results show that Mog1 is
not implicated in the transport of the DUBm.

Figure 20. Localization of tagged GFP-DUBm components was analysed by fluorescence microscopy.
Ubp8, Sus1 and Sgf11 were tagged with GFP in WT strain (upper panel) and in the absence of MOG1
(lower panel) indicating that the absence of MOG1 preserves the nuclear localization of the tested
proteins.

Ubp8 has been shown to bind chromatin and this binding is supposed to
be very dynamic (Bonnet et al., 2014; Daniel et al., 2004; Henry et al.,
2003; Lee et al., 2005). Another way to explain the differences in H2Bub1
levels in WT and mog1Δ is by altering the dynamics of Ubp8 recruitment to
chromatin.

To

test

whether

Mog1

could

be

affecting

the

association/dissociation of Ubp8 into chromatin, Ubp8 was TAP-tagged in
a WT strain and in mog1Δ cells and subjected to Chromatin
Immunoprecipitation (ChIP) followed by qPCR. The recruitment of Ubp8 to
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the promoter and 5´ORF of three active transcribed genes; ADH1, PMA1
and YEF3 was analysed. Our data demonstrates that Mog1 is not affecting
the recruitment of Ubp8, at least to the studied genes (Figure 21, upper
panel). Additionally, Western blot analysis reveals that Ubp8 protein levels
are maintained upon loss of MOG1 (Figure 21, lower panel). Although we
cannot exclude that Ubp8 activity is affected by MOG1 deletion once
bound to chromatin, our results suggest that Mog1 is affecting to the
activity of other subunits implicated in the ubiquitination of histone H2B
that causes decrease levels of H2Bub1.
Ubp8-TAP Recruitment
4

Gene/Int V (A.U)

Ubp8-TAP
Ubp8-TAP mog1

3

2

1

0
PROMOTER
ADH1

5´ORF

PROMOTER
PMA1

5´ORF

PROMOTER 5´ORF
YEF3

Figure 21. Mog1 preserves Ubp8 association to ADH1, PMA1 and YEF3 genes. Ubp8-TAP and Ubp8TAP mog1Δ were subjected to ChIP and qPCR. The occupancy levels were calculated as the signal
ratio of the IP samples in relation to the Input signal and normalized to an Intergenic region
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(Chromosome V). Histograms indicate the mean and standard deviation for at least three
independent experiments (upper panel). The Input level of Ubp8-TAP and Ubp8-TAP mog1Δ protein
was detected from the inputs by Western blot using anti-TAP and anti-PGK antibody (lower panel).

Chromatin recruitment of Rad6 is decreased in mog1Δ cells
Different lysine modifications are placed on histones as the RNA Pol II
travels along gene coding regions. These modifications are mainly
associated with nucleosome dynamics and elongating forms of RNA Pol II
(Fleming et al., 2008; Kouzarides, 2007). For instance, an example of active
transcription occurs when histone H2B is monoubiquitinated (Osley,
2006). This histone H2B monoubiquitination implies the recruitment of the
ubiquitin enzyme Rad6 and the ubiquitin ligase Bre1 into chromatin (Henry
et al., 2003; Robzyk et al., 2000; Xiao et al., 2005). Because deletion of
MOG1 results in the reduction of H2Bub1, we aimed to determine whether
the association of the E2 ubiquitin conjugase that catalyses H2Bub1, Rad6,
to chromatin was altered in mog1Δ cells. To achieve this, we used
chromatin Immunoprecipitation (ChIP) to determine the association of this
subunit to the promoter and gene body of three highly transcribed
constitutive genes PMA1, ADH1 and YEF3. Rad6 was TAP-tagged and
subjected to ChIP. Our results indicate that Mog1 affects the association of
Rad6 specifically the 5´ORF of PMA1, ADH1 and YEF3 genes suggesting
that Mog1 may regulate the binding of this protein to chromatin likely
during elongation. Additionally, our Western blot analysis indicates that
levels of TAP-tagged Rad6 are unaffected upon loss of MOG1 (Figure 22).
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Rad6-TAP Recruitment
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Figure 22. Mog1 affects the association of Rad6-TAP at coding regions. A) Mog1 affects the
recruitment of the ubiquitinase Rad6 to the 5´ORF of PMA1, ADH1 and YEF3 genes. B) Inputs were
subjected to Western Blot analysis against anti-TAP and anti-PGK (loading control) antibodies to
monitor protein levels. Histograms indicate the mean and standard deviation for at least three
independent experiments. Significance of the differences was obtained by the Student´s t-test (*P
value = 0.01–0.05; **P value = 0.001–0.01; ***P value < 0.001).
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Mog1 interacts genetically with the methyltransferases and affects
H3K4me3 levels
Several groups have demonstrated that monoubiquitination of histone H2B
is required for histone H3K4me3 by COMPASS complex through a so-called
“cross-talk” modification pathway (Dover et al., 2002; Henry and Berger,
2002; Lee et al., 2007; Sun and Allis, 2002; Vitaliano-Prunier et al., 2008).
Indeed, when the cell presents an absence of H2Bub1, H3K4me3 levels are
no longer detectable (Shahbazian et al., 2005b). As it has been reported,
H3K4me3 is a hallmark for active transcription and studies have correlated
active transcription with the existence of H3K4me3 at transcriptional start
sites (Barski et al., 2007).
In order to link mog1Δ phenotype of low H2Bub1 with histone H3
methylation, we analysed the genetic interaction between MOG1 and the
methyltransferases subunits SET1, SET2 and DOT1 which are implicated in
the methylation of histone H3 at its lysines K4, K36 and K79, respectively
(Kim et al., 2013; Krogan et al., 2003a; van Leeuwen et al., 2002; Nguyen
and Zhang, 2011). Our cell growth assay shows that MOG1 interacts
genetically with SET2 mutant in both YPD and YPGal, however, the
interation between MOG1 and SET1 and DOT1 is more determinant in
YPGal containing medium (Figure 23).
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Figure 23. MOG1 interacts genetically with the H3 methyltransferases SET1, SET2 and DOT1. Cells
-1
were diluted in 10 steps, and equivalent amount of cells were spotted onto YP+Glu (YPD) and
YP+Gal (YPGal) plates. Cells were grown for 48 hours at 30 °C and 37 °C.

In line with our results regarding the lower levels detected of H2Bub1 in
mog1Δ cells, we asked whether this reduction could also be reflected in
the trimethylation levels of H3K4, thus, linking Mog1 with the
H2Bub1-H3K4me3 histone cross-talk. To test this possibility, we performed
Western blot analyses to detect H3K4me3 from total extracts obtained
from WT, mog1Δ, set1Δ and spp1Δ strains, since Set1 and Spp1 are both
components of the COMPASS complex and its deletion is linked to reduced
levels of H3K4me3 (Ramakrishnan et al., 2016; Schneider et al., 2005). As
shown in Figure 24, absence of MOG1 leads to a significant decrease in
H3K4me3 levels compared to WT cells. As predicted, lack of SPP1 and SET1
follows the expected pattern, reducing H3K4me3 levels. Total levels of H3
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were used as control, where unmodified H3 levels were determined for all
strains. Our results point towards a new possible role of Mog1 in the
H2Bub1-H3K4me3 histone cross-talk since deletion of MOG1 affects both
H2Bub1 and H3K4me3.

A

H3K4me

3

H3

B

***
*

H3K4me3/H3

1.0
0.8
0.6

*

0.4
0.2
0.0
WT

mog1

set1 

3

spp1

Figure 24. Mog1 promotes H3K4me . A) Expression levels of total extracts from WT, mog1Δ, set1Δ
3
and spp1Δ were analysed by Western blot using H3K4me and H3 antibodies. B) Representative
3
graph of H3K4me levels after H3 normalization show the mean and standard deviations of at least
three independent experiments. P-value was calculated using Student´s t-test (*P = 0.01–0.05; **P
= 0.001–0.01; ***P < 0.001).
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Set1 recruitment to chromatin is decreased in absence of MOG1
As presented in the introduction, H2Bub1 on lysine K123 in yeast mediates
a trans-histone regulatory pathway that leads to di- and trimethylation of
histone H3 at its lysine 4 and 79 (Dover et al., 2002; Sun and Allis, 2002).
H3K4me has been associated with active transcription and requires the
recruitment to chromatin of the methyltransferase Set1 found in the
COMPASS complex (Miller et al., 2001; Shilatifard, 2006). Due to the
decreased levels of H3K4me3 found in mog1Δ cells, we tested whether this
fact could be linked with a poor recruitment of Set1 into chromatin. We
tested its association with the promoter and gene body of PMA1, ADH1
and YEF3 genes. Our ChIP experiments show that Set1 recruitment is
dramatically decreased in the absence of MOG1, however, Set1 protein
levels are unaffected in cells lacking MOG1 (Figure 25). Notably, the
strongest effect of MOG1 deletion on Set1 recruitment is observed at
coding regions. This observation indicates that Mog1 may also be affecting
the methyltransferase activity of Set1 which is manifested with low levels
of H3K4me3.
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Figure 25. Set1-TAP recruitment to PMA1, ADH1 and YEF3 genes is affected upon loss of MOG1. A)
ChIP experiments of Set1-TAP tagged strains reveal that Set1 association to the promoter and
5´ORF of the studied genes is affected in cells lacking MOG1. B) Inputs were subjected to Western
Blot analysis against anti-TAP and anti-PGK (loading control) antibodies to monitor protein levels.
Histograms indicate the mean and standard deviation for at least three independent experiments.
Significance of the differences was obtained by the Student´s t-test and presented as P-values (*P =
0.01–0.05; **P = 0.001–0.01; ***P < 0.001).
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Mog1 associates with active genes
As it has been postulated, the recruitment of several factors into chromatin
is associated with active genes transcribed by RNA Pol II (Bannister and
Kouzarides, 2011). To support the role of Mog1 in chromatin modifications,
we also determined Mog1-HA recruitment by ChIP and qPCR to the
actively transcribed PMA1 and YEF3 genes. As indicated in Figure 26, our
results reveal that Mog1 can bind to the 5´ORF of the highly transcribed
PMA1 and YEF3 compared to the WT strain (No Tag).
Mog1-HA Recruitment
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Figure 26. Mog1-HA is recruited to the 5´region of actively transcribed genes. Mog1 was HA-tagged
and subjected to ChIP assay using HA antibody. The occupancy levels was calculated as the signal
ratio of the IP samples in relation to the Input signal and normalized to an Intergenic region.
Statistical analysis was obtained by the Student´s t-test and presented as a P-value (*P<0.05).

Our data indicates that Mog1 is significantly enriched only at the 5´ORF
compared to an untagged strain. However, the absolute fold enrichment
value is low. This is compatible with a transient interaction between Mog1
and coding regions and also with Mog1’s role in protein transport.
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Genome-wide analysis links MOG1 absence with decreased levels of
transcription and mRNA concentration.
Our previous results suggest that Mog1 could be playing a role in
transcription regulation and in downstream steps such as mRNA export.
Thus, we decided to explore on a genomic scale the effects on
transcription and mRNA levels in cells lacking MOG1. In collaboration with
Dr. José Enrique Pérez laboratory from University of Valencia, we used the
GRO technique (García-Martínez et al., 2004, 2011) which allows the
measurement of the TRs (Transcription rate) for all yeast ORFs, mRNA
levels (RA) and mRNA stability (RS) by the use of nylon microarrays and in
vivo radioactive labeling of nascent RNA when cells are in an exponential
phase. As explained in the materials and methods section, this method is
divided into two different steps, on one hand, an aliquot taken from a cell
culture allows calculating the density of elongating RNA polymerases along
the entire gene, while another aliquot from the same cell culture provides
information about mRNA amounts using the same DNA ChIP.
Indeed, this method allows the calculation of mRNA stability (RS) for each
gene which is obtained by dividing mRNA amount by TR for every gene
when considering steady-state mRNA levels. This implies that the mRNA
amount does not change, it keeps constant, because the rate of synthesis
equals the rate of degradation (Pérez-Ortín et al., 2007).
As a first step, we measured with the use of a cell counter Coulter, the cell
volume of both WT and mog1Δ mutant. This step is required to normalize
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nascent transcription (nTR) from each strain according to its cellular
volume (Pérez-Ortín et al., 2013). This normalization will allow obtaining
the SR rate (mRNA synthesis rate). The obtained cell volumes for WT and
mog1Δ strains were 0.02 and 0.019, respectively.
To obtain the nTR, we first generated three different types of in vitrosynthesized RNAs transcripts using control probes from Bacillus (pGIBsThr, pGIBs-Phe, pGIBs-Lys, from now on called p-GIBs) which will be later
used to normalize the DPM signals corresponding to each gene (please see
methods section). In parallel, cells were collected and permeabilized with
sarkosil for its later in vivo transcription adding [α-33P] rUTP. Before RNA
isolation, 3 µl of the in vitro-synthesized RNAs transcripts were added to
each sample and subsequently we performed the described protocol.
Lastly, we measured with the scintillation counter the incorporated
radioactivity which is proportional to the amount of elongating RNA
polymerases. As shown in the graph (Figure 27) mutant mog1Δ
incorporates lower levels of radioactivity suggesting that lower levels of
elongating forms of RNA polymerases are actively transcribing.
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Figure 27. Incorporated radioactivity during GRO reaction. Bars representing the median of three
independent experiments indicate the total radioactivity incorporated during the genomic run-on
process relative to the wild-type strain. Errors bars represent the standard deviation showing no
significant differences.

Taking the GRO signals from each gene, we obtained the nTR (production
of new mRNA molecules) by correcting every signal with the p-GIBs values.
As mentioned in the introduction, the term TR reflects two different
parameters, on one hand, the nTR measures the in situ RNA polymerases
transcriptional activity and, on the other, the SR (mRNA synthesis rate)
measures the contribution of transcription to the cellular mRNA
concentration. To obtain the SR, we corrected the nTR data considering
the total cellular volume of each strain. Taking into account our previous
explanation, we determined the SR of mog1Δ strain using the median of all
ORFs with the use of the statistical package R. Boxplots diagrams
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represent the SR for each of the three conditions tested; the value
assigned to each boxplot indicates the median relative to the WT strain
(BY4741) (Figure 28). First, we focused into the total genes; our data
indicates that there exists a decreased in the synthesis of mature RNA
compared to the WT strain. Our second approach was to validate if
absence of MOG1 affected SAGA-dominated genes due to the link we
previously found between Mog1 and the DUBm from SAGA complex. Our
analysis demonstrates a decrease in SAGA-dominated genes, however, this
fact is not significant compared to the TFIID-dominated genes. This data
suggests that Mog1 may be acting as a general factor in transcription.

Figure 28. Boxplots diagrams representing the SR of mog1Δ relative to a BY4741 strain. Each
boxplot contains the median for the three groups of genes tested. Error bars represent the
standard deviation.

As mentioned before, a second aliquot was taken from both WT and
mog1Δ cell cultures to determine the concentration of mRNA for each
condition. This value was adjusted by the concentration of polyadenylated
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RNA explained in the methods section. In this line, a dot-blot procedure
was used to estimate the proportion of poly (A)+ mRNA in the total RNA
and used this datum to normalize the different hybridizations of cDNAs.
As shown in Figure 29, the concentration of mRNA in mog1Δ relative to
the WT strain is lower for the total genes, SAGA and TFIID-dominated
genes. Hence, this result suggests that in mutant mog1Δ there exists a
general decrease in mRNA concentration consistent with the lower SR
previously observed.

Figure 29. Boxplots diagrams representing the RA of mog1Δ relative to a BY4741 strain. Each
boxplot contains the median for the three group of genes tested. Error bars represent the standard
deviation.

From the SR and RA data one would predict that transcription is affected
at early steps leading to a low concentration of most transcripts. To verify
that stability is not the main way to regulate mRNA concentration in
mog1Δ, we also calculated RS. As it was previously mentioned, assuming a
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steady-state level, it is possible to predict the RS (mRNA stability) by the
formula RS=RA/SR using the previous data. Figure 30 illustrates by a
boxplot diagram the RS for each of the three conditions tested (total
genes, SAGA and TFIID-dominated genes); the value assigned to each
boxplot indicates the median relative to the WT strain (BY4741). Assuming
that the synthesis and degradation rate are equivalent, the RS may
compensate the changes in transcription and mRNA concentration. In our
case, mog1Δ mutant presents a decreased in the synthesis rate (SR) as
well as in mRNA concentration (RA) (Figure 28 and 29), therefore, the RS is
maintained compared to the WT strain (Figure 30).

Figure 30. Boxplots diagrams representing the RS of mog1Δ relative to a BY4741 strain. Each
boxplot contains the median for the three group of genes tested. Error bars represent the standard
deviation.
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To get further insight into the behaviour of transcription and mRNA decay
in mog1Δ, we analysed the distribution of SR, RA and RS and differentiate
the set of genes between up and down-regulated genes. Taking into
account all the genes tested, we obtained two major representations;
genes down-regulated (fold change mutant/WT < 0.58) and up-regulated
(fold change >1.7) for all the conditions tested (SR, RA and RS) (Table 4). As
shown in the table, most of the genes are down-regulated for both SR and
RA, however, our data indicates that the RS is not affected since genes up
(315) and down-regulated (374) are considered to be equally distributed. If
we compare the genes that show < 0.58 fold-change compared to WT for
both SR and RA, we only observe overlapping in 197 genes (Figure 31).
This set is not enriched in any GO using the web tool Funcassociate 3.0
(http://llama.mshri.on.ca/funcassociate/). Moreover, when we studied the
distribution of SAGA and TFIID-dominated genes among the three set of
genes obtained by the Venn diagram (Table 5, SR=640, RA=670 and
common=197) no differences in SAGA or TFIID-regulated genes is
observed since the proportion of SAGA-regulated genes represents the
expected percentage in the genome (10 %). From this data, we can first
conclude that neither SR nor RA affect specifically SAGA or TFIIDdependent genes suggesting that Mog1 could present a global effect in
transcription.
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Fold change

SR

RA

RS

Down-regulated <0.58

844

874

374

Up-regulated >1.7

83

12

315

Table 4. Distribution of down and up-regulated genes between SR, RA and RS. Arbitrary values were
taken for gene distribution; Down-regulated genes were considered with levels lower than 0.58 fold
change while up-regulated with levels higher than 1.7 fold change.

Figure 31. Venn diagram representing SR and RA down-regulated data.

SR
RA
SR/RA

SAGA-dominated

TFIID-dominated

63
55
17

637
670
191

Table 5. SAGA and TFIID- dominated genes distribution among SR, RA and SR/RA overlapping genes.
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As represented in Figure 31, only 197 genes present both low SR and RA,
so it is expected that the other genes that are affected by SR or RA would
show difference in their stability. To analyse these possibilities, we tested
the non-overlapping set of genes among the down-regulated RA and SR
which presumably would present differences in their stability. To do so, we
first compared the unique SR (647) and RA (677) with the genes that show
downregulated

RS

through

a

Venn

diagram

(Figure

32)

(http://genevenn.sourceforge.net/). This analysis demonstrates that most
genes that show down RS leads to down RA, while no overlapping exists
among SR and RS down-regulated genes meaning that these genes do not
present instability. Nevertheless, the comparison between RA and RS
demonstrates that 208 genes present instability which probes that lower
levels of RA with no affected SR have an impact on the RS (Figure 32. A).
This scenario is also reproduced when we compared SR and RA downregulated genes versus RS up-regulated genes (Figure 32.B). In this case,
262 genes overlap between SR and RS with no overlapping among RA and
RS, which indicates that lower levels of transcription and equal levels of RA
lead to increase RS having an impact on the stability.
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A

B

Figure 32. Venn diagram representation of SR, RA and RS genes. A) Comparison between SR, RA and
RS down-regulated genes. B) Comparison between SR and RA down-regulated with RS up-regulated
genes.

Overall, our data demonstrate that mutant mog1Δ leads to a decrease in
global transcription and mRNA concentration with no major impact on
stability and that it is required for maintaining the correct epigenetic
environment necessary to establish the appropriated transcriptional rate
during gene expression. Indeed, no differences between TFIID and SAGAdominated genes are found in mog1Δ suggesting that Mog1 may act
through the whole genome.
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Mog1 interacts genetically with TREX-2 components and it is involved in
mRNA export
As it has been previously introduced, TREX-2 facilitates mRNA export by its
association with the nuclear pore complex (NPC). In this line, it has been
established that proteins involved in early steps of gene expression
interact with the NPC, the export machinery and factors involved in mRNA
biogenesis which play a role in chromatin dynamics (Rodríguez-Navarro
and Hurt, 2011). The interaction among TREX-2 complex and SAGA
regulates gene recruitment to the NPC after transcription activation to
facilitate transcription processivity (Cabal et al., 2006; Pascual-García et
al., 2008). The connection among TREX-2 and SAGA is a clear example of
transcription coupled to mRNA export which is fundamental for the
process of mRNA biogenesis.
The epigenetic cross-talk H2Bub1-H3K4me3 has been linked to the
COMPASS subunit Swd2 (Vitaliano-Prunier et al., 2008) and it has been
found that Swd2 plays an important role in coordinating this cross-talk
with mRNA processing by recruiting the export factors Mex67 and Yra1 to
the mRNP (Vitaliano-Prunier et al., 2012). Furthermore, in our lab we
demonstrated a role for Sus1 in coordinating H2Bub 1 with mRNA export
(Köhler et al., 2006; Pascual-García and Rodríguez-Navarro, 2009a;
Pascual-García et al., 2008), and in this thesis we found new functional
links between Sus1 and Mog1. So, it is possible that Mog1 participates in
multiple steps during the gene expression process as part of these
orchestrated mechanisms. To get insights into this possibility, we first

167

Results and Discussion

CHAPTER 1

studied mog1Δ genetic interaction with TREX-2 subunits. To achieve this,
we created double mutants bearing MOG1 and TREX-2 subunits deletion
and carried out cell growth assay. As shown in Figure 33, MOG1 interacts
genetically with THP1 and SEM1 as the double mutants present growth
impairment compared to its single deletions. This phenotype is observed
at both 30 °C and 37 °C with more severe growth impairment in YPGal
plates. This result points towards a mechanism in which Mog1 could be
implicated in the same biological process as TREX-2 subunits.

Figure 33. Mog1 interacts genetically with TREX-2 subunits. Double disruption strains sac3Δmog1Δ,
-1
thp1Δmog1Δ and sem1Δmog1Δ exhibits growth impairment. Cells were diluted in 10 steps and
the same amount of cells was spotted onto YPD or YPGal plates. Cells were grown for 48 hours at
30 °C and 37 °C.

Based on this genetic interaction between MOG1 and some subunits of
TREX-2 and that past work has demonstrated that MOG1 mutation causes
nuclear accumulation of poly (A)+ RNA in S. pombe (Oki et al., 2007;
Tatebayashi et al., 2001) we decided to explore the possible implication of
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Mog1 in mRNA export. Previous studies showed no nuclear accumulation
of mRNA in S. cerevisiae (Oki and Nishimoto, 1998) at 37 °C, however we
tested the localization of poly (A)+ RNA by in situ hybridization using Cy3
labeled oligo (dT) probes in WT, mog1Δ and sus1Δ (positive control) at 30
°C and after 2 h incubation at 39 °C, since higher incubation temperature
has been reported to amplify mRNA export defects (Gwizdek et al., 2006;
Iglesias et al., 2010). Analysis of nuclear mRNA export shows an mRNA
export defect in mog1Δ cells at 39 °C compared to WT control; however
the % of cells showing mRNA export block is clearly lower than for sus1Δ
(Figure 34). As previously reported, mutant sus1Δ presents mRNA export
defect (Rodríguez-Navarro et al., 2004) in both conditions. In all, our data
indicate that mog1Δ mutant present mRNA export defect under certain
conditions, thus, we propose that Mog1 might be implicated in
coordinating different steps of the gene expression pathways from H2Bub 1
to mRNA export.
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Figure 34. mog1Δ cells exhibit impaired mRNA export. WT, mog1Δ and sus1Δ mRNA export was
assessed by in situ hybridization after shifting from 30 °C (upper panel) and at 39 °C for 2 hours
(lower panel).
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Levels of Swd2 are reduced in absence of MOG1
As mentioned earlier, Swd2 (also known as Cps35) is a COMPASS subunit
involved in coordinating H2Bub1-H3K4me3 cross-talk and downstream
events such as recruitment of Mex67 and Yra1 to the nascent mRNP
(Vitaliano-Prunier et al., 2008, 2012). For instance, it has been established
that di- and trimethylation of H3K4 depend on monoubiquitination of
histone H2B which is achieved by Rad6 and Bre1 catalytic activity (Dehé et
al., 2005; Dover et al., 2002; Robzyk et al., 2000; Sun and Allis, 2002; Wood
et al., 2003b). Indeed, the monoubiquitination of histone H2B promotes
the ubiquitination of Swd2 subunit having an impact on the H3K4 di- and
trimethylation thus participating in the cross-talk among H2Bub1 and
H3K4me3 (Vitaliano-Prunier et al., 2008). Due to the results previously
shown in this thesis likely connecting Mog1 with histone cross-talk we
asked whether this protein could affect the role of Swd2 in this
coordination. To achieve this purpose, we decided to investigate whether
Mog1 is necessary for Swd2 chromatin recruitment by ChIP followed by
qPCR to the promoter and 5’ORF of PMA1, ADH1 and YEF3 genes
(Figure 35. A). Our data demonstrates that Swd2 association to the coding
regions of PMA1 and ADH1 genes is decreased in the absence of MOG1.
Notably, specifically for Swd2 we observe a reproducible reduction in the
levels of the protein which points to a role of Mog1 in regulating Swd2
stability, therefore having a direct impact in H2Bub1 and H3K4me3 histone
crosstalk with mRNP biogenesis (Figure 35. B)
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Figure 35. Swd2-TAP association to chromatin is affected in mog1Δ cells. A) ChIP and qPCR analysis
using specific primers for PMA1, ADH1 and YEF3 promoter and 5´ORF genes show that Swd2-TAP
recruitment is decreased in cells lacking MOG1. The occupancy levels was estimated as the signal
ratio of the IP samples in relation to the Input signal and normalized to the Intergenic region of
chromosome V. Statistical analysis was obtained by the Student´s t-test and presented as a P-value
(*P = 0.01–0.05; **P = 0.001–0.01). At least three independent experiments were used to
normalize the samples. B) Inputs were subjected to Western blot against anti-TAP and anti-PGK
(loading control).

Mog1 co-purifies with components of the transcription machinery
Mog1 has been described so far as a nuclear protein that interacts with
GTP-Gsp1 protein and stimulates nucleotide release from Gsp1, thus, its
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main function resides in nuclear protein import (Baker et al., 2001;
Steggerda and Paschal, 2000). Information found in BIOGRID database
(www.thebiogrid.org) indicates that Mog1 presents 185 interactors
(physical and genetic), among them, several nucleoporines and Ran
GTPases have been identified. To gain insight into Mog1 protein
interactions we used the TAP tag to purify Mog1-containing complexes
and performed mass spectrometry analysis (LC-MS/MS) on the purification
product. The presence of Mog1 was confirmed by Western blot which
indicates that Mog1 was detected along the entire process (Figure 36).

Figure 36. Mog1-TAP and no-tag (WT) purification. Mog1 protein was confirmed by Western blot
against anti-TAP antibody during the three steps of the purification: Lysate (before purification),
TEV eluate (following first purification) and Calmodulin eluate (second purification).

Our mass spectrometry results confirm that Mog1 co-purifies with the
GTP-binding proteins Gsp1 and Gsp2 along with several nucleoporins
(Nup60, Nup2 and Nsp1) as was previously predicted. Surprisingly, we
were able to identify peptides for several components from the SAGA
complex. Additionally, two subunits of the COMPASS (Set1C) complex,
Shg1 and Sdc1, were also identified which could explain the relation
among Mog1 and the methyltransferase function of COMPASS on histone
H3. Indeed, some peptides for the ubiquitin ligase Bre1 were also
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identified in the protein mixture of Mog1-interactors, suggesting that
Mog1 and Bre1 might be also cooperating in the same process.
Furthermore, we also detected a physical interaction among Mog1 protein
and histones H2B, H3 and H4 which gives support to the interaction
between Mog1, chromatin and some complexes involved in its
modification (Table 6).

Table 6. LC-MS/MS analysis of Mog1 purification. The table contains the name of the proteins, the
function/complex corresponding to each protein and the number of peptide coverage (95 %) which
reflects the percentage of matching amino acids from identified peptides with a confidence greater
or equal to 95 % divided by the total number of amino acids in the sample.
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Interestingly, our results show that Mog1 co-purifies with the DUBm
component Sgf73, however, Sus1, Ubp8 and Sgf11 were not detected. This
observation is very interesting and might indicate that Mog1 could interact
with a SAGA complex lacking the DUBm. This could be a way to regulate
that the opposite effects on H2BK123 exhorted by Rad6 and Ubp8 are
controlled thus ensuring correct timing for gene expression. To test
whether Mog1 interacts with Sgf73 and not with the rest of the DUBm, we
constructed Mog1-TAP Sgf73-HA Ubp8-PK, Sgf73-HA Ubp8-Pk and Ubp8PK strains to immunoprecipitate Mog1 with the TAP antibody and
analysed by Western blot the interaction with Sgf73 and Ubp8
(Figure 37. A). Additionally, we tested Mog1 interaction with other SAGA
subunit, such as the HATm-containing protein Ada2 using the following
strains: Mog1-TAP Ada2-HA Ubp8-PK, Ada2-HA Ubp8-Pk and Ubp8-PK
(Figure 37. B). Our co-IPs experiments allowed the confirmation of Mog1
interaction with Sgf73 and Ada2. On the contrary, Mog1 was not able to
co-purify with Ubp8 under the same conditions. Overall, our results
demonstrates that Mog1 is able to co-purify with Sgf73 and Ada2,
however, we were not able to detect protein Ubp8 suggesting that Mog1
could function as a modulator of histone H2B deubiquitination by
impeding the binding of an active DUBm with SAGA complex.
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A

B

Figure 37. Mog1-TAP interacts with components from SAGA complex. Mog1-TAP was subjected to
immunoprecipitation (IP) using anti-TAP antibody to monitor its interaction with Ada2-HA (A) and
Sgf73-HA (B) using anti-HA. In both cases, Ubp8 protein from DUBm was not detected by Western
blot.
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Discussion
During this part of my thesis, I have been involved in the study of the
DUBm and its implication in transcriptional regulation. In our study, we
have been able to demonstrate that the histone chaperone Asf1 and Mog1
protein

are

both

implicated

in

maintaining

correct

levels

of

monoubiquitinated histone H2B (H2Bub1), hence having an impact on
chromatin dynamics.
In the context of gene expression regulation, the assembly and
disassembly of chromatin by histones chaperones is an essential step for
biological processes such as DNA transcription, repair, replication and
recombination (Akey and Luger, 2003; Mousson et al., 2007). Asf1 has
been described as a histone chaperone implicated in these processes
actively participating in the regulation of gene expression (English et al.,
2006). We were able to demonstrate that Asf1 co-purifies with
components of the NPC, SAGA and TREX-2 subunits (Pamblanco et al.,
2014), thus, focusing on the connection between SAGA and TREX-2
complexes, we analysed the possible contribution of Asf1 to mRNA export.
Although our results do not show an mRNA export deficiency in asf1Δ
cells, neither a misregulation in GAL1 expression, it is possible that there
are some minor defects in transcription and export in these cells. In fact,
we observed several cells in ASF1 mutant that presented a partial mRNA
export block compared to the WT, however, our experiments did not allow
us to demonstrate that this difference was significant. A possible way to
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observe a more concrete phenotype could be to have a synchronized
culture of asf1Δ cells since Asf1 is involved in chromatin assembly
throughout the cell cycle (Sutton et al., 2001b). An analysis revealed that
Asf1 is associated to coding regions of transcriptionally active genes and
that asf1Δ mutant cells lead to a decrease in RNA Pol II association at
several coding regions, such as GAL10 and PYK1, thus suggesting that Asf1
could be considered as a RNA Pol II elongation factor (Schwabish and
Struhl, 2006). Due to the fact that Sus1 plays a key role in coupling
transcription activation with mRNA export and it is recruited to SAGAdependent genes such as GAL1 (Pascual-García and Rodríguez-Navarro,
2009b; Pascual-García et al., 2008), we investigated the possible
contribution of Asf1 to Sus1 recruitment. According to our result, Sus1
recruitment to GAL1 promoter and ORF is not affected by the absence of
ASF1. However, we were able to observe a significant difference between
Sus1 levels at GAL1 promoter compared to the gene body in asf1Δ cells.
Although our results indicate that this imbalance does not affect to GAL1
expression, our results suggest that ASF1 deletion may, in someway, affect
to the chromatin environment, hence, showing a difference among Sus1
recruitment to GAL1 promoter and gene body. In order to clarify this fact,
a more in-depth study should be conducted to analyse whether fine tune
regulation of GAL1 gene is affected in asf1Δ cells.
Sus1 as being part of the DUBm from SAGA complex plays a major role in
the deubiquitination of histone H2B (Galán and Rodríguez-Navarro, 2012;
Köhler et al., 2006) a modification that is necessary for a correct
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transcription activation and elongation (Daniel et al., 2004; Henry et al.,
2003). Therefore, one of our purposes was to investigate whether Asf1 is
required for H2Bub1. Our work confirms that H2Bub1 depends on Asf1
since deletion of this protein leads to decreased H2Bub1 levels, in contrast
to SUS1 mutant. The double mutant bearing SUS1 and ASF1 deletions
partially suppresses the phenotype of the single mutant which suggests
that they may contribute in the same process. It would be interesting to
study whether Asf1 contributes to the ubiquitination of histone H2B or
instead, prevents H2Bub1 from being deubiquitinated. Together, our
findings suggest that Asf1 is linked to TREX-2 and the nuclear pore
complex; therefore, this connection may affect chromatin histone
modifications such as monoubiquitination of H2B. This work has been
published in the journal Nucleus under the title “Unveiling novel
interactions of histone chaperon Asf1 linked to TREX-2 factors Sus1 and
Thp1” and I have contributed as a first co-authorship.
In this work, we also show for the first time that Mog1 contributes to the
coordination of transcription regulation. Mog1 was previously described as
a coordinator of the RanGTP cycle, hence, it binds to Ran GTPase and
participates in the nuclear protein import pathway (Baker et al., 2001; Oki
and Nishimoto, 1998). Due to our interest in finding new factors involved
in coordination of gene expression steps, we found genetic interaction
between SUS1 and MOG1. The strong genetic interaction between MOG1
and components from the DUBm confirmed our predicted results and
suggested that Mog1 could be implicated in a similar biological process.
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The DUBm from SAGA complex deubiquitinates histone H2B and absence
of its subunits leads to increased levels of histone H2Bub 1 (Ingvarsdottir et
al., 2005; Köhler et al., 2006, 2008; Lee et al., 2005; Shukla et al., 2006).
Therefore, we first explored whether Mog1 could contribute in
maintaining correct levels of H2Bub1 and demonstrated that Mog1 is
implicated in this process as our data shows that absence of MOG1 results
in decreased levels of H2Bub1. Moreover, the genetic interaction between
MOG1 and the ubiquitinases LGE1 and BRE1 also supports the role of
Mog1 in H2Bub1. Rad6 is the ubiquitin ligase responsible for
monoubiquitination of histone H2B and it is recruited to both promoters
and 5´ORF (Kao et al., 2004; Song and Ahn, 2010; Wood et al., 2003b; Xiao
et al., 2005). According to this, absence of MOG1 results in a poor
association of Rad6 to the 5´ORF of the highly transcribed genes PMA1,
ADH1 and YEF3 suggesting that Mog1 stimulates the recruitment or
activity of Rad6. However, differences in H2Bub1 could be due to a poor
recruitment or activity of Rad6 or instead, to an excess of Ubp8 enzyme
activity. To discriminate between both scenarios, we performed Ubp8 ChIP
and show no differences compared to WT. Furthermore, Ubp8 physical
interactions and localization are not affected in mog1Δ. In all, we propose
that Mog1 modulates upstream events that lead to H2Bub1, however, a
more detailed study of Ubp8 enzymatic activity would be needed in order
to clarify this aspect. Additionally, it would be interesting to investigate
whether chromatin-associated H2Bub1 is affected upon MOG1 deletion.
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It has been previously established that H2Bub1 by Rad6/Bre1 modulates
H3K4me2 and H3K4me3, in fact, lack of H2Bub1 results in absence or
decrease of these epigenetic marks (Dover et al., 2002; Lee et al., 2007;
Shahbazian et al., 2005b; Sun and Allis, 2002). Additionally, histone crosstalk is associated with transcription elongation (Bannister and Kouzarides,
2011). Our results indicate that absence of MOG1 leads to decreased
levels of H3K4me3, which is expected from a factor required for the
efficiency of H2Bub1. Although the genetic interaction observed between
MOG1 and the methyltransferases SET1, DOT1 and SET2 only occurs in
some conditions it might account for a downstream role for Mog1 in the
control of histone H3 methylation. Although we have focused on H3K4me3
mediated by COMPASS complex, it is plausible to think that Mog1
participates in the process of other histone cross-talk. These results are
consistent with the fact that Mog1 is required for the recruitment of
COMPASS subunits Set1 and Swd2 to active genes. Interestingly, previous
research has shown that Swd2 is a key factor involved in modulating
H2Bub1-H3K4me3 histone cross-talk to couple with mRNA metabolism (Lee
et al., 2007; Vitaliano-Prunier et al., 2008). Our observation that protein
levels of Swd2 are diminished in the absence of MOG1 may indicate that
Swd2 stability is regulated by Mog1 leading to a dysfunctional activity of
the histone cross-talk. In agreement with this, absence of Mog1 also
affects mRNA export. In this line, H2Bub1 has been shown to be required
for mRNA export in some experimental conditions. Thus, it is likely that
Mog1 is a novel coordinator of H2Bub1-H3K4me3 coupled with mRNA
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biogenesis and export. Past studies have shown that absence of MOG1
does not result in mRNA accumulation in the nucleus in S. cerevisiae (Oki
and Nishimoto, 1998), however, later studies confirmed a defect in mRNA
export in S. pombe (Oki et al., 2007; Tatebayashi et al., 2001). Consistent
with this finding, we were able to detect an accumulation of poly (A)+ RNA
in mutant mog1Δ. This finding is also supported by the genetic interaction
among MOG1 and TREX-2 subunits. Interestingly, the work by VitalianoPrunier et al., demonstrated that defects in H2B ubiquitination or H2Bdependent modification of Swd2 result in nuclear accumulation of poly
(A)+ RNA (Vitaliano-Prunier et al., 2012) which raises the possibility that
Mog1 could participate in mRNA export through its role in H2B
ubiquitination. It would be crucial to address whether Mog1 participates in
the modification of Swd2 to coordinate this pathway. Current work in our
lab is trying to solve this interesting question.
Our results also leave an open question regarding the role of Mog1 in PAF
complex activity. The fact that Mog1 mainly affects the recruitment of
Rad6 and Set1 to coding regions, supports its role during transcription
elongation and RNA Pol II processivity. Paf1 is required for
monoubiquitination of histone H2B and for the recruitment of COMPASS
complex, thus having an impact on H3 methylation (Krogan et al., 2003b;
Wood et al., 2003b). In addition, recent research has proposed that Rtf1
subunit from PAF complex can promote H2B ubiquitination by a direct
interaction with Rad6 (Van Oss et al., 2016). Thus, it would be interesting
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to study whether Mog1 contributes to PAF complex activity, hence
facilitating ubiquitination of H2BK123 during transcription elongation.
As expected of a factor whose absence affect epigenetic regulation, our
genome-wide analysis also supports the idea that Mog1 is implicated in
transcription. We observe low levels in transcription rate (SR) and mRNA
concentration (RA) in mog1Δ cells. Additionally, the fact that the majority
of genes are down-regulated in mog1Δ and that no differences among
SAGA and TFIID-dominated genes exist, we suggest that Mog1 could act in
a global manner in transcription. To corroborate this result, it would be
interesting to study the recruitment of Rpb1 subunit to chromatin.
Consistent with this transcriptional role, Mog1 can co-purify with several
complexes of the transcription machinery such as SAGA and COMPASS.
Remarkably, Mog1 interacts with the DUBm subunit Sgf73, however, our
results suggest that it is not able to interact with the rest of the DUBm
(Sus1, Ubp8 and Sgf11). Maintaining the balance of ubiquitin ligases and
deubiquitinases activities is required for the correct gene expression. In
this line, Schulze and colleagues demonstrated that Ubp8 deubiquitinates
H2BK123ub1 at H3K4me3-marked regions (Schulze et al., 2011). Indeed,
recent studies have revealed that the DUBm subunit, Sgf11 ZnF domain
targets the nucleosome core particle (NPC) acidic patch (Morgan et al.,
2016). However, the exact mechanism by which ubi/deubiquitination
activities are coordinated is still a matter of debate. Recently, researchers
have established that Bre1 RING domain is required for stimulating Rad6
catalytic activity over H2BK123 and this occurs in competition with the
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DUBm subunit Sgf11 (Gallego et al., 2016). Thus, the deubiquitinated
nucleosome may only be available for reubiquitination once the DUBm is
dissociated. A provocative scenario would be that Mog1 in association
with the ubiquitinases Rad6/Bre1, prevents the transition from H2Bub1 to
H2B-deub1 by impeding the incorporation of the DUBm to SAGA until
H3K4me3

is not

completed, thus preventing H2B from

being

deubiquitinated before the cross-talk is complete.
Taken together, we propose that Mog1 acts as a modulator of gene
expression having an impact on the coordination of chromatin
modification with downstream steps (Figure 38). The most likely
hypothesis is that Mog1 acts synergistically with epigenetic regulators such
as SAGA, Rad6 and COMPASS complex, hence, contributing to posttranslational modifications such as H2Bub1 and consequently to histone H3
methylation, marks related with transcription initiation and elongation
coupled to mRNA export (Rodríguez-Navarro and Hurt, 2011; Shilatifard,
2006). However, an exact mechanism that could place Mog1 in the context
of gene expression is still a matter of study. We also consider that it would
be interesting to invest time in studying the new role of Mog1 in
epigenetic control in higher eukaryotes, since Mog1 mutations are linked
to Brugada syndrome (BS). It would be fascinating to see whether the role
of Mog1 in gene expression is conserved and is part of the molecular bases
leading to the pathology of BS. Overall, our study demonstrates that Mog1
functions not only for nuclear import but also in coordinating different
steps of gene expression.
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Figure 38. Squematic draw of the possible role of Mog1 and Asf1 during gene expression
coordination. Mog1 cooperates with the ubiquitin ligases Rad6/Bre1/Lge1 to ubiquitinate histone
H2B at lysine 123 which subsequently promotes trimethylation of histone H3 at lysine 4 by
COMPASS complex subunit Set1. Mog1 may also contribute to the stabilization of Swd2 COMPASS
3
subunit thus facilitating H3K4me . Mog1 also interacts with a SAGA complex lacking the DUBm
subunits Sus1, Ubp8 and Sgf11 which suggests that it prevents the transition from H2BK123 to
deubiquitinated H2B and hence, impeding the incorporation of the DUBm to SAGA until the cross1
3
talk H2Bub -H3K4me is completed. Finally, Mog1 coordinates mRNA export together with TREX-2
complex to ensure the coupling between epigenetic cross-talk and mRNA export. Histone chaperon
Asf1 interacts with TREX-2 complex and several nucleoporines, indeed, it is implicated in
1
maintaining correct levels of H2Bub .
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Molecular mechanisms of the DUBm related
disease Spinocerebellar Ataxia type 7 (SCA7)
In order to complete this part of the work, I performed an internship at
the University of San Diego (California) in the laboratory of Dr. Albert La
Spada where I worked with human cell lines and mice. The metabolome
analysis was carried out at the CIPF in collaboration with the metabolic
department using yeast as a model system.
Metabolic Profile of WT and polyQ-ATXN7
As mentioned in the introduction, SCA7 is an autosomal-dominant
neurodegenerative rare disease produced by a polyglutamine expansion in
the N-terminal of the ATXN7 protein (David et al., 1997). Although many
groups are focusing on the study of the molecular mechanisms
surrounding SCA7 disease, an effective cure and treatment is not yet
available. For this reason, an implementation of new therapies that could
contribute to the progression of the disease is necessary. In order to get
insight into the discovery of new biomarkers, several researchers have
previously associated the appearance of biochemical alterations in SCAs
using NMR-based metabolomics as a tool (Griffin et al., 2004). Therefore,
one of our goals was to investigate new possible biomarkers in SCA7
disease using S. cerevisiae as a model organism of SCA7 by 1H nuclear
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magnetic resonance (NMR) spectroscopy, a tool that has been optimised
in yeast in our lab (Palomino-Schätzlein et al., 2013). Energy metabolism
has been shown to influence histone and DNA modifications, thus
affecting gene expression and having an impact on human health and
disease (Donohoe and Bultman, 2012; Martinez-Pastor et al., 2013). Thus,
in the case of finding promising changes in yeast, we could make a step
forward and translate our study to higher organisms.
As a first stage and following the methodology previously explained
(please see Methods section), we transformed the yeast mutant sgf73Δ
with a plasmid encoding the WT human version of ATXN7 containing 10Q
(WT-ATXN7) and the pathogenic human version of ATXN7 containing the
polyglutamine (113Q) tract in S. cerevisiae (polyQ-ATXN7). We evaluated
the aqueous extract from both WT-ATXN7 and the polyQ-ATXN7. NMR
analysis allowed the identification and quantification of 39 different polar
metabolites (Table Annex 1). In order to get an overview of the metabolic
changes between both groups, multivariate analysis in form of principal
component analysis (PCA) was performed using the metabolite
concentration tables as input data. The resulting score plot of the first two
principal components (t (1) and t (2)) accounting for 76 % of the total
variability is represented in Figure 39. According to our results, no clear
separation in space of the samples from WT-ATXN7 and polyQ-ATXN7 in
sgf73Δ cells could be observed, which seems to indicate that the
differences in the metabolic profile between both strains are relatively
small.

188

Results and Discussion

CHAPTER 2

10q

113q

10
5
0
-5
-10
-10

-5

0

5

10

t[1]
SIMCA-P+ 12.0.1 - 2016-11-11 09:40:26 (UTC+1)

Figure 39. PCA score plot of the first two principal components t(1) and t(2) of S. cerevisiae aqueous
extracts of 10Q (green)and 113Q (red) mutant. R = 0.76, Q = 0.56, UV scaling.

Despite the fact that we did not detect a changed pattern at the PCA
model, for a deeper analysis we performed a univariate statistical analysis
comparing normalized metabolite levels in both strains. As a result, we
were able to differentiate different metabolites which showed a p-value
lower than 0.05 (Table 7), including serine, valine, b-glucose, thiamine
phosphate and proline. Although most of these amino acids changes do
not seem specific to any remarkable route, the detection of b-glucose
could be indicative of this metabolic pathway.
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10Q

113Q

Metabolite

mean

SD

mean

SD

p-value

Serine

5.0099

0.4180

5.5631

0.6529

0.0217

Valine

13.4477

2.7260

11.0865

2.1341

0.0274

b-glucose

0.7250

0.3206

1.1354

0.5303

0.0317

Thiamine
phosphate

0.9055

0.0871

1.0327

0.1867

0.0439

Proline

5.5248

0.3260

6.0715

0.8340

0.0460

Table 7. Selected metabolite concentrations of WT-ATXN7 (10Q) and the polyQ-ATXN7 (113Q).
Concentrations values were normalized to total intensity.

Expression levels of mitochondrial and ribosomal genes are not affected
in SCA7 mice cerebellum
It has been reported that strains lacking genes SGF73, SGF11 and UBP8
which belong to the deubiquitination module of the SAGA/SLIK complexes
present a replicative life span (RLS) extension phenotype (McCormick et
al., 2014). Moreover, this group also discovered a genetic and physical
interaction between the DUBm components and the Sir-2 deacetylase,
suggesting that extended sgf73Δ RLS are due to an altered Sir-2
deacetylase function. Given that polyQ expanded ATXN7 causes SCA7
disease, it has been proposed that polyQ-ATXN7 could affect the function
of USP22 and SIRT1 (yeast Sir-2) in SCA7 disease (McCormick et al., 2014)
In order to acquire further knowledge in the role of Sgf73 in RLS
regulation, La Spada laboratory conducted a ChIP-seq experiment to
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determine the DNA binding sites of Sgf73 (Thesis of Dr. Amanda Manson).
From the genomic regions bound to Sgf73, 31 genes were related to RLS
and 19 of them were identified as ribosomal protein (RP) genes. 9 out of
the 19 RP genes were down-regulated in sgf73Δ mutants. Indeed, they
also found a significant reduction in the expression levels of cell
metabolism genes in cells lacking SGF73.
To determine if there exists a possible connection between genes downregulated in sgf73Δ mutant cells (associated with an increased in RLS) and
SCA7 disease, we performed an expression analysis of ribosomal and
mitochondrial genes from the cerebellum of SCA7 mice compared to a WT
population. Two different set of mice were manipulated for the
experiment 1) mice containing the polyglutamine expansion (92Q) and 2)
WT mice (non-transgenic) grown until week 30. Transgenic mice were
produced in Dr. La Spada lab (Furrer et al., 2011) which were designated as
WT “PrP-SCA7-c24Q” and mutant “PrP-SCA7-c92Q” (La Spada et al., 2001).
A total of 16 cerebellums corresponding to both non-transgenic and SCA792Q were extracted by the technical service at the University of San Diego
to measure the expression levels of the ribosomal (RPL10, RPL19, RPL18a,
RPL23, RPL27, RPL8, RPL35, RPL37a, RPL6 and RPS26) and mitochondrial
(IDH3G, IDH3B, SLC20A1, SLC01C1, HEPH, CP, TMEM33, MPC2, RPS25)
genes.
As shown in our results, expression levels of the RP and mitochondrial
genes remains unaltered among WT and polyQ-mice (Figure 40). These
results suggests that although these genes present a down-regulation in
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sgf73Δ mutant in yeast (Thesis Dr. Amanda Mason) it does not appear to
be correlated with a downregulation in SCA7 disease, at least in the
cerebellum of the tested mice.

Figure 40. Real-time RT-PCR analysis of total RNA extracted from transgenic mice cerebellum at 30
weeks (10 weeks post-symptomatic). Specific primers were used to study the expression levels of
mitochondrial and RP genes in “PrP-SCA7-c24Q” and mutant “PrP-SCA7-c92Q”. mRNA levels are
quantified using an n=8 for both WT and mutant SCA7 mice after normalization to GAPDH gene. No
significant differences (p-value <0.05) are observed between the two populations. Each bar
represents the mean value +/- SD.
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PolyQ repetitions in ATXN7 protein preserves DUB activity of SAGA
complex in human cell lines
The SAGA DUBm from the SAGA co-activator complex in yeast is
composed of four proteins Ubp8, Sus1, Sgf11 and Sgf73 (Köhler et al.,
2006; Lee et al., 2005; Rodríguez-Navarro et al., 2004). The human
homologues of these proteins are; USP22, ENY2, ATXN7L3 and ATXN7,
respectively (Helmlinger et al., 2004; Zhao et al., 2008) which form part of
the TFTC/STAGA module. Both in yeast and humans ySAGA/hSTAGA
contain two enzymatic activities; the deubiquitinase activity performed by
yUbp8/hUSP22 (Daniel et al., 2004; Henry et al., 2003) and the acetylase
activity conducted by yGcn5/hGCN5 (Grant et al., 1997). It has been
previously reported that for a correct Ubp8 activation, Ubp8 needs to be
assembled into the DUBm together with the rest of the components
(Köhler et al., 2008). Protein ATXN7 plays an important role in the
functioning of the deubiquitinase Ubp8, since its absence has been
correlated with increased levels of histone H2Bub1 (Lee et al., 2009),
however, another group has shown that ATXN7 is dispensable for the DUB
activity in a Drosophila model (Mohan et al., 2014).
Although some laboratories have recently focused on the possible effect
that the polyQ expansion may produce in the DUB activity of SAGA (Lan et
al., 2015; Yang et al., 2015), one of our goals was also to elucidate whether
expanded ATXN7 had an effect on the in vitro DUB activity of the SAGA
complex using recombinant mammalian DUBm components in HEK293T
cells.
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For this purpose, HEK293T cells were co-transfected with plasmids
expressing the four components of the human DUBm; USP22-FLAG,
ATXN7L3-HIS, ENY2-FLAG-HA and MYC-ATXN7-10Q (WT) or MYC-ATXN792Q (mutant). USP22-Flag was immunoprecipitated and purified histones
were used as substrate and incubated with the immunoprecipitated
complex for 2 hours at 37 °C. Immunoblots analyses of the purified
proteins were performed by Western blot using specific antibodies. Our
results show that co-expressing the four proteins from the DUBm permits
the activity of USP22, as there is a reduction in the levels of H2Bub1 (Figure
41) compared to controls; cells without USP22 expression and a negative
control where only histones were incubated with DUB buffer. However, no
significant differences were identified on the DUB activity of USP22
between mutant and WT-ATXN7 under the conditions tested in this study.
As a negative control a plasmid with no tag (empty Flag) was used in the
experiment. We observed a tendency that ATXN7-92Q shows lower levels
of H2Bub1, however, this difference is not statistically significant. Our
results suggest that the in vitro activity of the DUBm do not seem to be
affected in HEK293T cells, at least in the conditions tested in this study.
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Figure 41. Deubiquitination activity of USP22 using HEK293T cell lines. Plasmids expressing the
distinct subunits of the DUBm (USP22-FLAG, ENY2-FLAG-HA, ATXN7L3-HIS and MYC-ATXN7-10Q
(WT) or MYC-ATXN7-92Q (mutant)) were transiently co-expressed in HEK293T cell lines.
Immunopurified DUBm was subjected to an in vitro deubiquitination assay. USP22-FLAG was
immunoprecipitated using Flag beads and the immunopurified protein was tested by WB with the
anti-Flag antibody. The deubiquitination reaction was analysed by Western blot using antibodies
directed against H2B-ub and total H2B (A). (B) Representation of the % of H2B-deubiquitinated
confirms very similar deubiquitinating activity of USP22 between the two complexes; WT-ATXN7
and mutant-ATXN7. Error bars represent the SD for at least three independent experiments.
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PolyQ-ATXN7 seem to affect the association between ENY2 and TREX-2
complex
We aimed to examine whether the presence of the polyglutamine tract in
the ATXN7 protein affects the association of protein-protein among SAGA
and TREX-2 complex. Although previous studies have suggested that
mutant ATXN7 affects transcription through its association with
STAGA/TFTC (McMahon et al., 2005; Palhan et al., 2005), little is known
about the pathology observed in SCA7 and its link with altered proteinprotein interactions. To test the hypothesis that polyglutamine ATXN7
causes pathology by aberrant or lack of protein interactions, we cotransfected HEK293T cells with plasmids expressing ENY2-FLAG-HA
together with MYC-ATXN7-10Q or MYC-ATXN7-92Q to follow the
association of ENY2 with its common partners in the presence of mutant
ATXN7 using gel-filtration chromatography.
The profile of copurifying proteins in the WT and mutant ATXN7 obtained
after gel filtration (Figure 42. A and C) suggests that ATXN7 co-purifies
with SAGA complex which elutes with an approximately size of 1.8 MDa
(Grant et al. 1997). On the other hand, when we performed Western blots
with the fractions against anti-Flag, allowing ENY2 detection, our blots
show that ENY2 is distributed along the whole gradient with enriched
fractions that could match with SAGA and TREX-2 similar to what have
been shown for yeast Sus1 (Figure 42. B and D) (Rodríguez-Navarro et al.,
2004). In this study, we were able to demonstrate that yeast Sus1 (human
ENY2) belongs to both complexes, SAGA and TREX-2, linking transcription
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by the SAGA co-activator complex with mRNA export. Our results seem to
indicate that polyQ-ATXN7 alters ENY2 association pattern as compared to
WT ATXN7-10Q. According to our data, our hypothesis would be based on
the possible protein-protein disruption by the existence of poly-Q ATXN7
which could affect mRNA export having an impact on gene expression
regulation.
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Figure 42. Identification of ENY2 and ATXN7 interacting proteins by gel filtration chromatography.
A) Western blot analysis against anti-myc of eluted fractions corresponding to the co-transfection
of HEK293T cells with plasmids expressing ENY2-FLAG-HA with MYC-ATXN7-10Q or MYC-ATXN792Q. B) Same as A) but applying Western Blot analysis against anti-Flag to detect ENY2 protein. C)
and D) show the percentage of ATXN7 and ENY2 proteins detected in each fraction. As
demonstrated in the plots, ENY2 detection decreases in fractions 12-13 which corresponds to
TREX-2 eluting fractions. IB; Immunoblot.

Discussion
It is still unknown the main mechanisms by which polyglutamine
expansions lead to neurodegenerative disease such as Spinocerebellar
Ataxia type 7 (SCA7). Although the discovery of ATXN7 and its participation
in transcription has clarified several aspects of the disease, there still exists
a lack of evidence regarding the role of ATXN7 in the development of the
disease. We found interesting to cover several aspects that remain
unanswered regarding to SCA7, thus, we have mainly focused into the role
of polyQ-ATXN7 and its possible contribution to transcriptional
dysregulation together with complementary experiments that could reveal
new features of the disease.

198

Results and Discussion

CHAPTER 2

In our lab, we had previously optimized a protocol for NMR using yeast
S. cerevisiae (Palomino-Schätzlein et al., 2013). Thus, we considered the
possibility of linking SCA7 with changes in metabolic routes using this
strategy. The first purpose of our work was to identify which metabolites
were differentially identified between the two strains (ATXN7-10Q and
ATXN7-113Q) in the conditions tested (SC medium containing glucose as a
carbon source), in addition to the implementation of the experiment for
further studies. Although the results present in this study do not show a
strong differentiation between the WT-ATXN7 (10Q) and polyQ-ATXN7
(113Q), some metabolic changes were detected. The changes in the amino
acidic pattern are usually difficult to interpret since changes in the amino
acids found in our study (serine, valine, proline) participate in many
different routes and do not seem to be specific to any precise pathway.
Nevertheless, it seems interesting to observe the higher levels of glucose
found in the polyQ-ATXN7 which may indicate that there exists an
alteration in the energetic metabolism. Most of the metabolites detected
in the analysis correspond mostly to yeast fermentation whose final
product is ethanol. This fact is reflected in Table ANNEX 1. since we were
able to detect higher levels of ethanol, lactate and acetate in both
conditions. However, also several metabolites from the TCA cycle such as
citrate and succinate were detected, even if at much lower concentrations.
Yeast S. cerevisiae is known to present a mixed respiratory-fermentative
metabolism depending on the type and concentration availability of sugars
and/or oxygen (Rodrigues et al., 2006). Oxygen depletion commonly
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controls the switch from respiration to fermentation, but in the case of S.
cerevisiae, this change is controlled in response to external glucose level
(Otterstedt et al., 2004). However, it has been observed that this yeast
specie catabolizes glucose mostly by a fermentative process (Rodrigues et
al., 2006). In a situation where glucose concentration is low, the
mitochondria will have more affinity for pyruvate which will lead to
respiration. However, in case of higher concentrations of glucose, more
pyruvate will be formed favoring alcoholic fermentation in the cytosol.
One way to implement our analysis would be to decrease glucose
concentration in the yeast culture medium favoring the switch from
fermentation to respiration thus detecting metabolites formed in the
mitochondria which could give us further knowledge on SCA7 disease and
its role in the metabolic pathways. On the other hand, it would also be
reasonable to use other organisms such as cell lines, mice or human
patients to detect differences among the two populations. A recent study
has provided insights into the metabolic/cellular changes in various SCAs,
including SCA7, in the cerebellar vermis and pons of a cohort of patients
detecting biomarkers that reflect dynamics aspects of cellular metabolism
(Adanyeguh et al., 2015).
To understand mechanisms that could explain the role of polyQ-ATXN7 in
transcription deregulation, we based one of our experiments on a previous
research performed in yeast. Throughout my research, one of our goals
was to explore whether downregulated genes found in sgf73Δ mutants
corresponded to transcriptional alterations in SCA7 mice. Hence, a set of
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genes corresponding to RP and mitochondrial genes that showed
downregulation in SGF73 mutant cells were analysed indicating that
unaltered expression levels were found in mice cerebellum. As it is
described in the literature, SCA7 is the only SCA characterized by neuronal
cell death in the retina resulting in blindness (Yoo et al., 2003; Yvert et al.,
2000). Hence, it would be interesting to get insight into the possible role of
the expression of RP and mitochondrial genes in the retina of SCA7
population. Scientists have associated severe chromatin decondensation
in rod photoreceptors in SCA7 mouse model with increased recruitment of
TFTC/STAGA to specific promoters (Helmlinger et al., 2006). In accordance
with this finding, a prior microarray showed that mutant polyQ-ATXN7
causes retinal dysfunction by altering mRNA expression of photoreceptor
genes (Abou-Sleymane et al., 2006). While we were not able to see a
dysregulation in mRNA expression levels from RP and mitochondrial genes,
it would be interesting to clarify if these changes could be seen in the
retina of SCA7 mice.
Our investigation has also been directed towards the role of polyQ-ATXN7
and its contribution with the deubiquitinase (DUB) activity of STAGA
complex. Given the importance of Sgf73 in the DUBm conformation and
function, we aimed to understand if the presence of polyQ expansions in
ATXN7 affected the in vitro DUB activity in human cell lines and in
consequence, transcription dysregulation. Our results reveal that the
polyQ expansions in the N-terminal region of ATXN7 do not affect the DUB
activity of STAGA complex in HEK293T cell lines. These results are in
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agreement with previous research which elucidated key cellular roles of
polyQ-ATXN7 in the deubiquitination activity and its contribution to the
pathogenesis of the disease. This research concluded that the presence of
polyQ-ATXN7 in astrocytes do not alter the enzymatic activity of the
DUBm, nevertheless, they suggest that polyQ expansions contribute to
SCA7 by initiating aggregates that sequester the DUBm from its substrates
(Lan et al., 2015). Similarly, previous evidence suggests that polyQ-ATXN7
tends to form nuclear aggregates in central nervous system (CNS) neurons
by self-association or by interaction with other factors such as
transcription factors (Holmberg et al., 1998; Yvert et al., 2000). Another
study proposed that polyQ expansions in ATXN7 sequesters USP22 into
inclusions leading to an increase of H2Bub1 levels which implies that it
interferes with the normal function of USP22 and consequently with the
DUBm (Yang et al., 2015). Our observed unchanged levels of H2Bub1 might
be due to the existence of compensatory DUBs enzymes. For instance, a
recent study has discovered that two H2Bub1 DUB enzymes function
independently of SAGA and compete with USP22 for ATXNL3 and ENY2 for
DUB activity (Atanassov et al., 2016). Previous research has attributed the
existence of polyQ-ATXN7 with transcriptional dysregulation (Chou et al.,
2010), thus, another possibility is that transcriptional dysregulation caused
by an impairment of the DUB activity might be found in those tissues
affected by the disease, such as cone-rode receptors and cerebellum.
Mutations in ATXN7 have been correlated with H3 hyperacetylation and
with an increase in the recruitment of TFTC/STAGA to specific promoters
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of rod-specific genes (Helmlinger et al., 2006). Using astrocytes as model
organism another study proved that polyQ expansion decreased ATXN7
occupancy and correlated this fact with increased levels of H2Bub 1 at the
REELIN promoter (McCullough et al., 2012). In light of these findings, it
could be possible that our in vitro results do not represent a perfect in vivo
environment in the cell, it is likely that an in vivo study would provide us
with more detailed analysis.
Linking our previous result with the importance of the correct structural
composition of STAGA complex for transcription activation, we also
contemplated the option that polyQ-ATXN7 could affect the assembly of
STAGA complex or even, the assembly between STAGA and TREX-2
complex. As it is known, the association between yeast Sus1 (hENY2) and
yeast Sgf73 (hATXN7) is fundamental for the correct mRNA export. On one
hand, yeast Sgf73 mediates the regulation of H2Bub1 levels, and
consequently it has been demonstrated to be necessary for mRNA export
since it affects the integrity of the TREX-2 mRNA export complex (Kohler et
al. 2008). On the other hand, SUS1 deletion prevents the localization of
Sac3 and Thp1 at the NPC which demonstrates that Sgf73 together with
Sus1 are necessary for the efficient targeting of Sac3 and Thp1 to the
nuclear pore complex (Kohler et al. 2008). Based on this evidence, our
results point towards new mechanisms that suggest that the expanded
ATXN7 could affect the association of ENY2 with its TREX-2 partners, Sac3
and Thp1, consequently, affecting the mRNA export towards the NPC for
the correct gene expression. A suitable approach to clarify this possibility
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could be the tagging of ENY2 with a TAP tag together with polyQ or WT
ATXN7 and perform tandem purification for the later detection of the
TREX-2 components by Western blot or LC-MS/MS mass spectrometry.
Additionally, we would like to test whether the polyQ-ATXN7 affects the
association of Sus1 with its TREX-2 partners in S. cerevisiae. Our findings
for SCA7 open new possibilities to link the pathology of the disease with
transcription and mRNA export, therefore, ATXN7 is a known transcription
factor (Helmlinger et al., 2004) that may alter the activity of some proteins
when the polyQ tract is present in the protein. For this reason, a complete
understanding of how mutant ATXN7 affects the association of SAGATREX-2 members is necessary in order to establish new therapeutic
approaches that could prevent the progression of the disease.
Overall, during this part of my research, we have tried to cover different
aspects to find new mechanisms in SCA7 disease using different model
organism such as yeast S. cerevisiae, cell lines and mice. Our hypothesis is
that polyQ-ATXN7 maintains the correct activity of the DUBm, however, it
seems to alter the association of ENY2 with TREX-2 components, thus
having an impact on gene regulation. Further research would be needed in
order to clarify this promising preliminary result (Figure 43).
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Figure 43. Schematic representation of SCA7 models of disease. Different approaches have been
performed in order to get insight into new molecular mechanisms of SCA7 disease; S. cerevisiae,
mice cerebellum and HEK293T cell lines. We propose that the polyQ-ATXN7 is able to activate the
1
DUBm, thus having normal levels of H2Bub . However, in the presence of the polyglutamine tract
within ATXN7 protein, ENY2 seems to dissociate from its TREX-2 partners which could suggest that
polyQ-ATXN7 may impact in gene regulation, for instance, in mRNA export.
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Molecular and biochemical approaches have contributed to our
understanding of the different steps that occur in gene expression.
Although much research has been useful in deciphering the role of
different factors implicated in regulatory circuits governing gene
expression, we are still far from resolving this complicated network. Thus,
the precise regulation of each stage is indispensable for the cell to function
correctly.
During the development of this work, we have mainly focused on
understanding the function of the SAGA co-activator complex in
transcription and mRNA export. Along this complex, our interest has been
mainly directed towards Sus1 protein, a component from the DUBm. This
interesting protein belongs to both SAGA and the mRNA export TREX-2
complex (Rodríguez-Navarro et al., 2004), which serves as an example of a
protein capable of modulating independent processes that are coupled
within gene expression. The study of Sus1 protein has helped us to the
discovery of Mog1 protein as a new modulator of gene expression
(manuscript under preparation). Although this protein has been previously
identified as an effector of protein import (Oki and Nishimoto, 1998), its
link with gene expression had not been described. In this thesis, we have
been able to show that Mog1 participates in histone modifications such as
monoubiquitination of histone H2B and trimethylation of H3K4, hence,
having a role in histone cross-talk. Indeed, it participates with several
factors implicated in the transcription pathway such as the ubiquitinases,
SAGA and COMPASS complex. Moreover, our study has enabled us to
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reveal that Mog1 is also linked with TREX-2 complex and in turn, to mRNA
export. Therefore, it is possible that Mog1 participation in upstream
processes such as histone modifications affects downstream steps
including mRNA export. Despite the fact that Mog1 is not a transcription
factor, it may act transiently along transcription, thus, facilitating the
binding or catalytic activities of several factors. Further analysis will allow
us to conclude whether GTPase domain of Mog1 is implicated in this
intriguing process. Its vicinity to the NPC to accomplish its role in nuclear
import, could be connected to our findings, hence, a better understanding
of the various facets of Mog1 is therefore essential for understanding the
transcription process in which it is engaged.
Beside the amount of the different histone chaperones that participate in
chromatin dynamics, we found that Asf1 co-purifies with the TREX-2
components Sus1 and Thp1 and indeed, it participates in the
ubiquitination of histone H2B (Pamblanco M, Oliete-Calvo et al., 2014).
Whether Asf1 promotes ubiquitination of histone H2B or instead, it
prevents H2B from being deubiquitinated is a hallmark in our research.
The correct regulation of histone modifications is a key step in gene
expression; therefore, misregulation of the activity of the enzymes
involved in this pathway can result in the pathogenesis of human diseases.
On these lines, the participation of the DUBm component, human ATXN7
(ySgf73), in SCA7 disease is a clear example of how transcriptional factors
lead to human malignancies. Our research has demonstrated that
although the DUBm catalytic activity remains unaltered in our analysis,
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specific SAGA-TREX-2 deregulation might contribute to the development
of the disease.
We hope that future research will help to unravel the unknown
mechanisms involved in histone modifications, histone chaperones and
chromatin remodeling complexes, hence, contributing to the better
understanding of gene expression.
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The main conclusions of this work are the following:
1. Asf1 affects global levels of monoubiquitinated histone H2B,
however, it does not alter Sus1 chromatin binding to GAL1 at both
promoter and ORF. Indeed, Asf1 is not necessary for GAL1
expression or for mRNA export.
2. Mog1 interacts genetically with components involved in the
ubiquitination and deubiquitination of histone H2B and it is
required to maintain the levels of monoubiquitinated histone H2B.
Moreover, it affects the association of the ubiquitinase Rad6 to the
chromatin.
3. Mog1 interacts genetically with the methyltransferase Set2 and
with Set1 and Dot1 under certain conditions. Furthermore, it
affects the recruitment of the COMPASS complex Set1 and Swd2
subunits and seems to participate in Swd2 stability. In addition,
Mog1 regulates trimethylated levels of H3K4, thus, it participates in
the H2Bub1-H3K4me3 cross-talk.
4. Mog1 is recruited to chromatin and it interacts physically with
transcription factors including several subunits from the SAGA and
COMPASS complexes. Mog1 associates with the DUBm subunit
Sgf73, in contrast, it does not interact with the rest of the DUBm.
5. Mog1 interacts genetically with Thp1, Sus1 and Sem1 subunits
from TREX-2 complex and it is implicated in mRNA export.
6. Cells lacking MOG1 present a decrease in the transcription rate (SR)
and mRNA amount (RA) with unaltered mRNA stability (RS).
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7. SCA7 mice present unchanged expression levels of mitochondrial
and ribosomal genes.
8. SCA7 cell line model presents a correct deubiquitinase activity but
contains alterations in the association between ENY2 and TREX-2
complex.
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metabolite

left limit (ppm)

right limit (ppm)

mean

SD

mean

SD

Acetate

1.925

1.916

55.188

6.856

55.472

8.684

a-Glucose

5.259

5.228

0.539

0.249

0.730

0.306

Alanine

1.500

1.470

88.510

6.857

81.310

15.090

3.265

3.224

69.956

5.492

71.372

3.221

1.69

1.614

31.311

2.273

32.856

8.064

Asparagine

2.914

2.8879

0.350

0.097

0.718

1.087

Aspartic acid

2.840

2.795

11.481

0.788

11.194

0.444

ATP

8.557

8.539

0.895

0.071

1.195

0.574

b-Glucose

4.668

4.631

0.725

0.321

1.135

0.530

Citrate

2.654

2.639

1.950

0.336

2.025

0.465

CMP/CTP

6.130

6.115

0.380

0.070

0.484

0.184

Ethanol

1.164

1.210

26.666

6.932

31.133

4.656

Galactitol

4.000

3.965

9.587

0.839

10.105

1.035

Glutamic acid

2.375

2.335

91.069

3.308

88.978

8.419

Glutamine

2.48

2.4234

11.564

2.940

13.852

7.506

4.588

4.552

5.483

0.448

5.948

0.911

2.977

2.931

2.574

0.248

2.709

0.662

3.585

3.540

94.235

17.011

87.247

22.186

3.580

3.570

23.904

5.359

21.697

7.119

3.572

3.564

25.789

5.901

23.463

7.781

3.559

3.553

11.339

2.679

10.401

3.725

8.230

8.210

1.532

0.091

1.811

0.507

5.955

5.935

0.802

0.100

0.935

0.292

Glycerophosphocholine

3.240

3.230

19.199

1.417

19.012

0.783

Histidine

7.11

7.07

3.172

0.138

3.562

0.771

Isoleucine

0.948

0.939

2.051

0.086

2.209

0.578

Lactate

1.345

1.320

14.971

2.118

15.292

2.703

Leucine

0.983

0.961

5.868

1.116

5.032

1.211

Lysine

3.050

3.000

79.610

6.571

79.726

2.778

Methionine

2.656

2.64

2.009

0.348

2.095

0.506

Myo-inositol

4.075

4.055

1.739

0.155

2.142

0.662

Arginine

Glutathione

Glycerol

Glycine
GMP
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9.355

9.335

2.636

0.175

3.264

1.430

9.160

9.135

2.116

0.106

2.306

0.464

8.856

8.803

2.319

0.116

2.500

0.619

7.457

7.315

8.697

0.590

10.185

3.333

2.03

2.003

4.541

0.275

6.552

7.302

4.165

4.122

5.525

0.326

6.072

0.834

Serine

3.860

3.847

5.010

0.418

5.563

0.653

Succinate

2.415

2.400

3.942

0.907

3.771

0.796

Trehalose

5.215

5.180

0.906

0.087

1.033

0.187

Thiamine phosphate

2.500

2.485

2.651

0.191

2.941

0.854

Thiamine phosphate

5.463

5.442

0.886

0.168

1.003

0.246

7.754

7.728

0.736

0.086

1.108

0.832

7.560

7.530

0.838

0.151

1.161

0.753

Tyrosine

6.920

6.890

3.523

0.160

3.641

0.445

UDP N-acetylglucosamine

5.540

5.501

0.489

0.143

0.674

0.430

UDP-glucose

5.635

5.588

0.321

0.197

0.567

0.578

1.057

1.035

13.448

2.726

11.087

2.134

1.005

0.983

13.241

2.771

10.854

2.247

α-D glucoronic acid

3.500

3.490

0.257

0.266

0.290

0.268

β-D glucoronic acid

3.275

3.267

1.134

0.102

1.307

0.425

NAD

Phenylalanine
Proline

Tryptophan

Valine

Table annex 1. Identified and quantified metabolites in aqueous yeast extracts. Spectral
integration regions for quantification are indicated on the right side.
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